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Chapter 1

Monoclonal antibodies and antibody fragments

The concept of using monoclonal antibodies as therapies can be tracked back to the late
19t century, when Ehrlich and Behring discovered that injecting animals with foreign
material resulted in the production of natural antitoxins, now known as antibodies. These
antibodies were proposed to serve as highly specific “magic bullets” against disease.
However, it was more than 80 years later that antibody-based therapy truly started
to unravel to its potential as a “magic bullet”. Particularly, following the revolutionary
discovery of both the hybridoma technology?, enabling larger scale clonal production of
antibodies, and the development of humanization approaches** to minimize antibody
immunogenicity.

Antibodies have a Y-shaped symmetric structure consisting of two identical heavy
chains (~50 kDa) and two identical light chains (~25 kDa), connected by interchain
disulfide and non-covalent bonds®. The structure is divided into two main regions: the
variable region (Fab) and the constant region (Fc) (Fig. 1a)°. The Fab region, located at
the tips of the “Y,” contains antigen-binding sites and is responsible for the antibody’s
specificity. The Fc region, forming the stem, mediates effector functions, such as binding
to immune cells and complement activation. Antibody fragments are engineered
derivatives of full-length antibodies that retain functional properties while being smaller
and more versatile. Common fragments include Fab (fragment antigen-binding)®, ScFv
(single-chain variable fragment)’, and VHHs®°, which consist of the variable heavy-chain
domain derived from the unique heavy-chain-only antibodies found in camelids (Fig.
1b). These fragments are valuable for therapeutic and diagnostic applications due to
their smaller size, improved tissue penetration, and ease of production in recombinant
systems®=>,

Basic antibody structure
(IgG isotype)

Figure 1| Antibodies and antibody fragments. (a) Schematic illustration of the basic antibody (IgG)
structure. (b) Schematic illustration of commonly used antibody fragments.

Antibody engineering and approaches to multispecificity

Antibody engineering is a rapidly advancing field that leverages the specificity and
adaptability of antibodies for various therapeutic, diagnostic, and research applications.
This field involves the modification and optimization of antibodies to enhance their
performance, improve their stability, and tailor their functionality to meet specific needs.
The development of multi-specific antibodies represents a significant advancement in

14



Introduction and scope of the thesis

antibody engineering, with many different formats of bi- and multi-specific antibodies
developed in the last two decades'®. While antibodies are naturally monospecific,
recognizing one epitope, bi- and multi-specific antibodies are designed to recognize
two or more different epitopes!’. This offers several therapeutic advantages including
enhanced targeting, improved efficacy, and synergistic effects. Their ability to integrate
diverse functions, such as targeting cancer cells while activating immune responses,
has made them valuable in therapeutic applications!!. Various methods have been
developed to generate these innovative molecules, each with distinct advantages and
challenges.

One of the earliest approaches for the generation of a bispecific antibody, is using
hybrid hybridomas?®?. This classical approach involves the fusion of two hybridoma cell
lines producing distinct monoclonal antibodies. The resulting hybrid produces bispecific
antibodies naturally but often suffers from low yield and instability, making it less practical
for large-scale applications. Similarly, chemical crosslinking of antibody fragments such
as Fab or ScFv from different monoclonal antibodies, offers a straightforward method for
creating bispecific antibodies®**. However, the lack of precision in chemical crosslinking
often results in a heterogeneous product.

Sophisticated designs of multi-specific antibodies can be generated by genetic
engineering and expression in various host systems such as CHO cells and E. coli**™?’.
Examples include single-chain formats like diabodies, triabodies, and tetrabodies®, or
dual-variable-domain immunoglobulins (DVD-Ig)*°, which utilize two sets of variable
regions. Another widely used approach involves single-chain variable fragments (ScFvs),
where the variable regions of heavy and light chains are linked to form small, functional
antibody fragments’. These can be used to create bispecific T-cell engagers (BiTEs),
which enhance immune-mediated killing by linking T cells to target cells®.

Technologies such as knobs-into-holes engineering and CrossMAbs provide
additional solutions for bispecific antibody production. Knobs-into-holes engineering
introduces complementary mutations in the Fc region of antibodies, promoting
heterodimerization and ensuring proper assembly?2, CrossMAbs achieve stability
by swapping domains of heavy and light chains, allowing precise pairing of bispecific
components?*?®, These methods represent significant advancements in antibody
engineering, enabling the development of tailored therapies for complex diseases like
cancer, autoimmune disorders, and infectious diseases.

Approaches for the generation of antibody conjugates
Another rapidly expanding area in the field of antibody engineering is that of antibody
conjugates, where continuous efforts are made for the attachment of one or multiple
payloads, such as toxins, fluorophores or radioisotopes, to antibodies in a controlled
and homogeneous manner ?°. These conjugates combine the specificity of antibodies
for targeting specific epitopes on cells with the potency of the attached agents, making
them highly effective in therapeutics and diagnostics. The generation of antibody
conjugates involves various strategies aimed at achieving stable, efficient, and site-
specific attachment while preserving the biological activity of the antibody.

Chemical conjugation is one of the earliest and most commonly used approaches. It
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Chapter 1

involves modifying specific amino acid residues, such as lysines or cysteines, to attach
payloads??. Lysine-based conjugation is widely used due to the high abundance of
lysines on antibody surfaces, while cysteine-based conjugation is slightly more specific,
targeting the sulfhydryl groups of reduced cysteines. These approaches often produce
heterogeneous products because of the limited control over the site and number of
lysines or cysteines that are modified. This also often results in compromised stability,
functionality and pharmacokinetics3%3.

In recent years, site-specific conjugation methods have gained prominence due
to their ability to produce homogeneous conjugates with well-defined stoichiometry.
Techniques such as engineered glycosylation sites®**=¢ or the incorporation of unnatural
amino acids®* to introduce unique reactive sites enable precise attachment of
payloads to antibodies at designated sites, minimizing off-target effects and enhancing
therapeutic efficacy.

Enzyme-mediated conjugation methods have emerged as highly specific approaches
for generating antibody conjugates. These methods use enzymes such as sortase,
transglutaminase, or glycosyltransferases to catalyze the covalent attachment of
payloads to specific amino acid sequences on antibodies. Sortase recognizes a unique
pentapeptide sequence (LPXTG) engineered into the antibody, cleaving at the threonine
residue and attaching the payload via a covalent bond to an incoming substrate with a
glycine residue®. Transglutaminase targets glutamine residues, forming stable amide
bonds with primary amines in the payload, offering flexibility in conjugate design3..
Glycosyltransferases modify antibody glycosylation sites to attach payloads selectively,
ensuring stability and functionality?’. These enzyme-mediated approaches introduce
site-specific modifications while preserving antibody integrity and functionality however,
the yields are often low, and these approaches often require extensive optimization. As
technology evolves, enzyme-mediated strategies continue to expand the possibilities
for designing next-generation antibody conjugates with enhanced safety and efficacy
profiles.

Antibody-antigen conjugates for DC-targeting vaccines

Antibody-antigen conjugates have emerged as an effective strategy for targeting
dendritic cells (DCs) in vaccine development®. By leveraging the specificity of
monoclonal antibodies for DC surface receptors, these conjugates enable the
direct and efficient delivery of antigens to DCs, the primary antigen-presenting cells
responsible for orchestrating adaptive immune responses*-2. Given the pivotal
role of DCs in antigen uptake, processing, and subsequent T cell activation, targeted
delivery strategies using antibody-antigen conjugates have the potential to significantly
enhance the immunogenicity and therapeutic efficacy of vaccines, particularly in cancer
immunotherapy and infectious disease control*2,

The underlying mechanism of antibody-antigen conjugates centres on their ability
to bind selectively to well-characterized DC surface molecules, such as DEC-205%-%,
DC-SIGN®5, or CLEC9A®"°%, This receptor-mediated targeting facilitates enhanced antigen
internalization, processing, and presentation via major histocompatibility complex
(MHC) molecules, leading to efficient T cell priming and activation®***, By concentrating
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antigen delivery specifically to DCs, antibody-antigen conjugates reduce off-target
effects and optimize immune modulation, which is critical for achieving potent and
sustained immunological responses with minimal toxicity.

Ubiquitin (Ub)

As key player in the process of proteasome-mediated protein degradation and antigenic
peptide presentation in the context of immune response initiation, the role of the small
protein ubiquitin (Ub) has gained lots of attention. As such, as well as the interesting
potential of Ub to be incorporated into poly-Ub chains we explored the potential of
employing Ub as means of generating a diverse portfolio of Ab-conjugates. Ubiquitinis a
76-amino acid post-translational modifier fundamental to cellular homeostasis. Cellular
processes regulated by ubiquitin modification range from classically known Ub-mediated
proteasomal degradation to DNA repair, cell division, endoplasmic reticulum-associated
degradation (ERAD), mRNA stability and even regulation of the innate immune system>®°.
The post-translational modifier can be covalently attached to substrate proteins at
the e-amino group of lysine residues or at the protein’s N-terminal residue®®:, Since
ubiquitin harbors seven intrinsic lysine residues, it can also be conjugated to another Ub
moiety. In this manner, homotypical ubiquitin chains of a single linkage type consisting
of M1, K6, K11, K27, K29, K33, K48 or K63 can be formed, all of which are known to

M1 K48 Mixed linkages Branched linkages

Ub Ub X Ub X Ub
Substrate Substrate

Monoubiquitination Multi- Homotypic polyubiquitination Heterotypic polyubiquitination
monoubiquitination

Figure 2| The ubiquitin system. (a) Types of ubiquitin conjugation: ubiquitin (Ub) can be conjugated
as a monomer on one site, or on multiple sites of the substrate protein (multi-monoubiquitination).
It can also form homotypical ubiquitin polymers through its N-terminus (M1-linked) or either one of
its seven lysine residues (e.g. K48-linked). Mixing of different linkage types gives rise to heterotypic
polyubiquitin chains. (b) General overview of ubiquitin conjugation and deubiquitination by E1, E2, E3
enzymes and deubiquitinating enzymes (DUBs). Ubiquitin is activated by an E1 enzyme, transferred to
a specific E2 enzyme and conjugated to a substrate protein with the help of an E3 ligase.
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exist in vivo®. In addition, heterotypical chains of multiple ubiquitin linkage types can
be formed, opening up an even more complex layer of post-translational modification
(Fig. 2a). Conjugation of Ub to a substrate protein is carried out by a cascade of three
enzymatic activities: E1 ubiquitin-activating, E2 ubiquitin-conjugating and E3 ubiquitin-
ligating activities (Fig. 2b). To date, 2 human E1s, about 40 E2s and over 600 E3 enzymes
are known. The combination of E2 and E3 enzymes dictates what type of ubiquitin
chain is formed and which substrate protein becomes ubiquitinated. In addition, the
ubiquitination status of a protein can be regulated by removal or editing of ubiquitin
chains, which is carried out by a family of approximately 100 deubiquitinating enzymes
(DUBs)®. For some of these DUBs, linkage specificity has also been observed. To study
ubiquitin signals, much effort has been put into making differentially linked ubiquitin
derivatives through synthetic and semi-synthetic methods, since these methods allow
site specific incorporation of a specific chemoselective ligation handle. In addition,
ubiquitin-based DUB probes and fluorescent ubiquitin-based enzyme substrates have
seen an enormous boost, producing ubiquitin-based tools in all sorts of different
flavors®,

Chemical synthesis of Ubiquitin-based tools

Native chemical ligation (NCL) has been an extremely useful tool to make ubiquitin,
ubiquitin—peptide conjugates, ubiquitin dimers and ubiquitin tetramers, as reviewed
by Pham et al.%. Chemical synthesis of ubiquitinated peptides was first established
by Muir and co-workers and utilizes a ligation auxiliary where the auxiliary group is
removed under photolytic conditions, yielding a natively linked Ub-peptide conjugate®®.
Today, most reported methods rely on the incorporation of a y-thiolysine or §-thiolysine
moiety at a designated lysine residue to allow NCL with a thioester moiety. The thiol
containing ubiquitin module can be synthesized with total, linear synthesis®’, or from
two fragments®. During the total, linear fluorenylmethyloxycarbonyl (Fmoc)-based
solid phase peptide synthesis (SPPS) approach, the growing peptide chain is stabilized
by the incorporation of special building blocks that prevent the formation of aggregates
as the ubiquitin chain grows. In the two segment approach, an N-terminal Ub(1-45)-
SR fragment is synthesized and ligated to a synthetic C-terminal Ub[(46-76)-A46C]
fragment. In the latter fragment, alanine 46 is replaced by N-methylcysteine to allow
NCL with the first fragment and is afterwards converted into the native alanine residue
through a desulphurization step. To make ubiquitin dimers and other conjugates,
a thioester needs to be introduced at the ubiquitin C-terminus for NCL with the Ub
thiolysine-containing module. The thioester functionality can be incorporated by E1-
mediated enzymatic conversion with sodium 2-mercaptoethane sulfonate (MESNa)
7 or during Fmoc-based SPPS®. Next, NCL can be performed and a subsequent
desulphurization step results in a ubiquitin conjugate that bears the native isopeptide
linkage. In addition, other strategies yielding a non-native isopeptide linkage have been
reported and include oxime-based ligation for non-hydrolysable ubiquitin—conjugate
synthesis’ and thioether based ligation to prepare diubiquitin, branched tri-ubiquitin”
and polyubiquitin’® modules that retain a sulfur atom in the forged isopeptide bond. It
is clear that synthetic protein chemistry has much to offer to the biological community,
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but one must keep in mind that the chemistry is not always straightforward. In addition,
protein folding must always be checked, although this is less of an issue with the very
stable ubiquitin protein.

Scope and outline of this thesis

Conjugated antibodies are critical tools across research, diagnostics, and therapeutic
applications. These conjugates range from fluorescently labelled antibodies used
in imaging, to bispecific antibodies for dual antigen targeting, and antibody-drug
conjugates (ADCs) for the targeted delivery of cytotoxic agents. However, current
antibody conjugation strategies face several key challenges, notably the efficiency of the
conjugation process and the heterogeneity of the resulting conjugates. These factors
can significantly influence the stability, pharmacokinetics, toxicity profiles, and batch-
to-batch consistency of the conjugated products. Together with the growing interest in
multispecific antibodies and antibody complexes for dual or higher-order targeting, this
presses for advances in conjugation techniques.

This thesis aims to develop and optimize covalent, site-specific conjugation
technologies to enhance the efficiency, reproducibility, and functional performance
of antibody conjugates. Additionally, it explores the application of synthetic peptide
chemistry to overcome current limitations, offering better control over conjugation
sites, improved reproducibility, and enhanced functional performance. By addressing
these challenges, the work sets out to contribute to the development of next-generation
antibody-based tools with broad implications for diagnostics, research, and therapeutic
interventions.

In chapter 2, we introduce a novel modular antibody conjugation platform, based on
the highly regulated yet versatile ubiquitin biochemistry. We exploit the site-specificity
and efficiency of the enzymatic process of ubiquitination, by using ubiquitin as a
conjugation tag fused to antibodies or antibody fragments, and hence provide a site-
specific conjugation tag for the attachment of fluorescent labels to antibodies or for
antibody multimerization. We establish the feasibility and efficiency of this method for
the generation of fluorescently labelled Fabs, Fab di-, tri- and multimers, fluorescently
labelled mAbs, and for the generation of bivalent, tetrameric antibody complexes.

The versatility of this platform, together with the involvement of ubiquitin in the
cellular signalling for proteasomal degradation led us to explore the possible benefit of
using ubi-tagging for the generation of antibody-based DC targeting vaccines presented
in chapter 3. Here, we use our ubi-tagging technology for the conjugation of chemically
synthesized Ub-OTI peptides to the DC targeting anti-DEC205 Fab-Ub. We then compare
the ubi-tag based anti-DEC205 Fab-OTI conjugates to the state of the art anti-DEC205
Fab-OTI conjugates generated through sortagging. We demonstrate the superiority of
ubi-tag-based Fab-OTI conjugates over the sortag-based conjugates in vitro and in vivo.
Results obtained in this chapter provide a foundation for follow-up studies exploring
the mechanism underlying the superiority of the ubi-tagged conjugates and further
expanding the use of ubi-tagging for the targeted delivery of antigens to DCs.

Ubiquitin is known for its solubility and stability even when exposed to extreme
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conditions’ 7, It is often used as a solubility-tag to enhance the solubility of proteins
during their expression in bacterial expression systems’®7”. This led us to hypothesise
that ubi-tagging could enhance the solubility of antigenic-epitopes known for their
hydrophobicity such as NY-ESO-1 and 2W1S. In Chapter 4, we test the solubility of
chemically synthesized Ub-peptides known to be highly hydrophobic and conjugate
them to VHH-Ub. In this chapter we also establish the feasibility of using ubi-tagging for
smaller antibody fragments as VHHs and demonstrate their functionality in the context
of targeted vaccination to human DCs in vitro. We hereby provide a proof-of-concept of
using ubi-tag conjugates for targeted antigen delivery in a human setting.

In Chapter 5, we present the total chemical synthesis of a 123 amino acid nanobody
targeting GFP. We synthesized this nanobody modified with a propargyl functionality
at its C-terminus for on-demand functionalization. We demonstrate that the nanobody
is properly folded ad functionalize it with either a Biotin or a sulfo-Cyanine 5 dye and
demonstrate the functionality of the resulting probes in a pull-down assay and using
confocal microscopy. The total chemical synthesis of a nanobody shown here allows
the generation of homogenous batches of nanobodies of defined quality and could
potentially be applied for the streamlined preparation of nanobody-drug conjugates
and multimers. In our opinion, this work underscores the importance of chemical
synthesis in expanding the utility of nanobody-based tools across diverse scientific and
medical fields.

In Chapter 6, we summarise the findings described in this thesis, discuss them in
the context of existing literature and contemplate on the future prospects of the work
presented in this thesis.
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Abstract

Antibody conjugates form a foundation for many research-, diagnostic-, and therapeutic
applications. Despite the robustness and efficiency of existing antibody conjugation
techniques, the challenge of efficiently obtaining homogeneous products remains.
Here, we developed a versatile modular method for site-directed antibody conjugation
using the small protein ubiquitin. We show that ubiquitin, when fused to antibodies
or antibody fragments, is conjugated using in vitro ubiquitin ligation with an average
efficiency of 94%. We effectively applied this method, which we named ubi-tagging, to
conjugate chemically synthesized ubiquitin with a site-specifically incorporated payload
(fluorophore) to ubi-tagged Fab fragments. Additionally, we show that this method
can be efficiently used to generate di-, tri-, and multi-valent antibody complexes and
to generate a bi-specific T cell activator. The combined use of both recombinant ubi-
tags and synthetic ubiquitin allows homogeneous site-directed antibody conjugation
with defined conjugates incorporating precise functionalities while retaining antibody
functionality.

Introduction

Antibodies are indispensable tools in the fields of chemical biology, diagnostics and
therapeutics, owing to their high selectivity and affinity towards specific target
molecules.

Over the past decade, the interest in antibody-based reagents and therapeutics of
higher complexity than monoclonal antibodies has been growing steeply. This led to
the soaring development of antibody engineering technologies for the production of
antibody conjugates and multivalent antibody formats such as antibodies conjugated
to fluorophores for analytical or diagnostic applications, antibodies conjugated to
small molecules forming antibody-drug conjugates (ADCs), and bi- or multi-specific
antibodies targeting multiple targets simultaneously.

Conventional antibody conjugation strategies rely on the random attachment to
certain amino acid residues along the antibody. These techniques make use of the
chemical properties of the side chain of lysine or cysteine residues through NHS labeling
or thiol-reactive maleimide groups, respectively'™. Despite being used in clinical-grade
antibody products, such random modifications result in highly heterogeneous products,
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with limited control over the number and site of modifications, often compromising
antibody functionality and pharmacokinetics*”’. Remarkable advances have been made
in developing site-specific conjugation techniques to overcome these challenges,
including the incorporation of non-natural amino acids in the antibody sequence
carrying reactive groups for bio-orthogonal chemistry #'?, glycan-remodeling of native
glycans to install an unnatural sugar containing a conjugation handle!***, and the
fusion of a peptide tag to the antibody that can be specifically modified enzymatically.
Well-exemplified in the latter category are ligation strategies based on enzymes such
as transglutaminase, formylglycine-generating enzyme (FGE), and sortase. Microbial
transglutaminase (mTG) recognizes a specific glutamine-containing sequence and
covalently attaches an amine-functionalized linker carrying a payload or conjugation
handle to the glutamine residue while expelling ammonia®>*. Formylglycine-generating
enzyme (FGE) converts the cysteine residue present in its recognition motif to an
aldehyde functional group which serves as a conjugation handle!’*®, while sortase
mediates the ligation of its recognition sequence to an oligoglycine peptide attached
to a payload, peptide or conjugation handle!®2. These techniques are site-specific and
modular for the ligation of synthetic payloads to antibodies or antibody fragments,
however, significant challenges remain. In particular, long reaction times on the order
of hours and even days, limited reaction efficiency, and poor yields are key limitations to
using these techniques>’21-2%, Additionally, a two-step approach is required when using
these techniques for protein-protein conjugation, for example to generate a bispecific
antibody?*%, which is time consuming and often leads to reduced yields.

To address these limitations, here we introduce a novel versatile modular approach
for site-specific antibody conjugation based on ubiquitin biochemistry and the chemical
synthesis of ubiquitin-related tools. We set out to determine the use of ubiquitin as
a conjugation tag for the site-selective attachment of different moieties to antibodies
and the generation of multivalent antibody complexes in a controlled manner using
ubiquitinating enzymes (Fig. 1a).

Ubiquitin (Ub) is a small protein tag involved in almost all cellular processes® %,
It is a 76-amino acid post-translational modifier that is covalently attached to target
proteins in a highly regulated process called ubiquitination. This process is coordinated
by an enzymatic cascade involving ubiquitin-activating (E1)?°, ubiquitin-conjugating
(E2)*°, and ubiquitin-ligating (E3)***? enzymes, resulting in the covalent attachment of
the C-terminal glycine residue of ubiquitin to the N-terminus or lysine residues of target
proteins. Ubiquitin molecules also have the ability to be conjugated to each other at
one of the seven internal lysine residues or at the N-terminal methionine residue. This
results in the formation of ubiquitin chains with different linkage types?®. Notably, the
linkage type involved in ubiquitin chain-formation is regulated by different E2 and E3
enzymes334, Linkage-specific ubiquitin chains of all types can therefore be efficiently
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ligated in vitro using the appropriate recombinant E1, E2, and E3 enzymes®. The E2
and E3 can be provided as a fusion protein®® to increase ligation activity (Fig. 1a). In
addition, using specific ubiquitin mutants, the process of ubiquitin chain formation can
be fully controlled®**”. These features combined make the exploitation of ubiquitin and
the ubiquitination machinery an interesting approach to selectively generate antibody
conjugates that are site-specifically joined through ubiquitin chains of a specific
ubiquitin-linkage type. Fusing ubiquitin to an antibody at a position not affecting its
binding, hereafter referred to as ubi-tagging, would allow the precise in vitro engineering
of this ubiquitin at specific lysine residues depending on the E2 and E3 used. Ubi-tagged
antibodies can be conjugated to another ubiquitin fused-antibody, making a bispecific
antibody, or to a chemically synthesized ubiquitin carrying selected modifications such
as a fluorophore, label, or cytotoxic drug. This provides a modular platform for the
generation of ubiquitin-based antibody conjugates of limitless different architectures,
marrying the advantages of (therapeutic) protein engineering and synthetic chemistry.

The vast potential of ubi-tagging is exemplified by the generation of homogeneous
conjugates, including fluorescently-labeled Fab fragments and defined Fab multimers.
Moreover, we demonstrate ubiquitin chain elongation of Fab hetero-dimers to form
hetero-trimers and show that ubi-tagged conjugates can be site-specifically cleaved
using deubiquitinating enzymes.

Results

Generation and characterization of ubi-tagged antibody fragments

As a proof of principle, we selected monovalent Fab fragments to characterize ubiquitin
conjugation in the context of antibody-ubiquitin fusion. The Fab fragment is produced
as a fusion protein with a ubi-tag followed by a His-tag at the C-terminus of its heavy
chain (Fig. 1b). We generated recombinant ubi-tagged Fab fragments using CRISPR/HDR,
which we recently developed for the production of modified recombinant antibodies®.
The IgH locus of parental hybridoma cell line anti-CD3 (KT3, migG2a) WT was genetically
modified to switch production from WT mAbs to ubiquitin-His-tagged Fabs (Fig. 1c). The
genetically-modified monoclonal cell lines were assessed for the secretion of Ubiquitin-
His-tagged Fab fragments using an anti-his secondary antibody. The supernatant of over
80% of the single-cell colonies that grew out after antibiotic selection were positive for
the His-tag, indicating that these edited monoclonal cell lines produced a ubi-tagged
Fab fragment (Fig. 1d). Next, we selected a monoclonal cell line highly expressing the
ubi-tagged Fab and expanded it for further characterization. The Fab fragments isolated
from the supernatants were validated for the presence of the ubi-tag on the heavy chain
by resolving on SDS-PAGE, with or without prior reduction using B-mercaptoethanol,
followed by anti-ubiquitin western blotting (Fig. 1e).

32



Ubiquitin as a conjugation tag for labeling and multimerization of antibodies

a
Cterm
o o
SH w HO M
ﬁ q Q q |l|||l|||l> w

b c
1gG2a Fab-Ub-his

IgH Locus gRNA _H
N

B VH iy CH1 g Hinge g CH2_ g CH3 oy

+ Cas9-PX459
5HA [Ub his IRES BSR pAl 3'HA
‘ ’ HDR Template

\ Fab KT3
IgH Locus primer 1
B3 CH1 1" Ub his IRES 6% pAN CH2 § Cv3
v prmrz
d CRISPR/HDR e
100 -+ -+ B-ME
kDa 1
B - —Fab-Ub
08 55.] -
I %5 50
© N - #» —Heavy chain-Ub
26 . I—Light chain
o = = n
\?\& 5 10 20 30 20 Clone # Coomassie a-Ub
f
Ub-PA - - + + - - + 4 9
Days 2 2 5 2 5
100 -
| _~Fab-UbHis &
— cm— —_— —-Fab-Ub 35
£ 50 4
S
£
m
0 T T ey n
WB: a-His Coomassie 0.1 1 10 100 1000

Competing construct pg/ml

Figure 1| Generation and site-specific labeling of ubi-tagged antibody fragments. (a) Schematic
illustration of ubi-tag conjugation using the ubiquitination cascade. The ubi-tag C-terminus is activated
by the E1 enzyme to form a thioester bond. The activated ubi-tag is then transferred to an E2 enzyme
which then, with the help of an E3 enzyme, specifically transfersit to a lysine residue of another ubiquitin
or ubi-tag, forming a ubi-tag dimer linked via an iso-peptide bond. (b) Schematic representation of
the general CRISPR/HDR hybridoma genome editing approach for the generation of ubi-tagged Fab
fragments where ubiquitin (red) is fused to the C-terminus of the heavy chain of a Fab (green) followed
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by a His-tag (purple). (c) The IgH locus of KT3 is targeted for double strand break by gRNA_H to allow the
integration of the homology directed repair (HDR) template consisting of a ubi-tag, His-tag, an internal
ribosomal entry site (IRES) and blasticidin resistance gene (BSR) (d) Flow cytometry screening of clonal
supernatants of the CRISPR/HDR targeted cells following limiting dilution, showing EL4 cells expressing
mCD3 incubated with the supernatants followed by anti-his secondary antibody. (e) SDS-PAGE analysis
of purified Fab-Ub in the absence or presence of B-mercaptoethanol, stained with Coomassie Blue and
analyzed by western blot using an anti-Ub antibody. (f) Coomassie staining and western blot analysis
of hybridoma culturing media containing ubi-tagged Fab after 2 and 5 days in presence or absence of
Ubiquitin-propargylamide (Ub-PA). (g) Antigen binding competition assay of murine CD3 Fab-Ub against
fluorescently-labeled parental mAb of the same clone. Representative of n=3 independent experiments.

Isolation and functional characterization of ubi-tagged antibody fragments

After expansion, the modified hybridoma cells were cultivated for antibody fragment
production for 7 to 10 days. After cultivation, we observed that the ubi-tagged Fabs
partially or fully lost the C-terminal His-tag, depending on the duration in which the
hybridoma cells were cultivated. We hypothesized that the C-terminal His-tag is
possibly lost during culture due to deubiquitinating enzymes (DUBs) released by dying
cells into the culturing media cleaving the His-tag from the C-terminus of ubiquitin®,
To test this, we cultivated the modified hybridoma cells in presence or absence of
C-terminally propargylated ubiquitin (Ub-PA), known to selectively inhibit cysteine
DUBs, and detected the presence of the His-tag on the ubi-tagged Fab secreted in the
supernatant at day 2 and 5 of cultivation by anti-his western blot analysis. In absence
of Ub-PA in the culture media, on day 2 a thin band was observed by western blot
analysis which decreased in intensity by day 5 (Fig 1f). Also when the ubi-tagged Fab
containing supernatants were visualized by coomassie, in absence of Ub-PA, two bands
were observed corresponding to Fab-Ub-his and Fab-Ub. However, in presence of Ub-
PA in the culture media, a single band is observed by Coomassie and on western blot
the intensity of the band increased, indicating that indeed the loss of the His-tag during
cultivation can be resolved by supplementing the culture medium with 1 uM Ub-PA (Fig.
1f). Following cultivation and isolation of the ubi-tagged Fab-fragment, we performed
a competitive antigen binding assay to confirm that the ubi-tagged Fab-fragment
retained antigen binding. Here, we used the CD3 expressing cell line EL4*’ to compete
a fixed concentration of fluorescently labeled parental antibody against increasing
concentrations of unlabeled ubi-tagged Fab CD3. The ubi-tagged Fab competed with
the fluorescent parental antibody in a dose-dependent manner, indicating that antigen
binding was retained (Fig. 1g).

Site-specific fluorescent labeling of ubi-tagged Fab fragments

Having validated that the binding of a ubi-tagged antibody fragment to its cognate
antigen is retained, we next set out to determine the feasibility of using ubiquitin
as a conjugation tag. Three main determinants crucial for the specificity of ubi-tag
conjugation are: (1) the ubiquitinating enzymes specific for a single lysine linkage-

34



Ubiquitin as a conjugation tag for labeling and multimerization of antibodies

type, (2) the acceptor ubi-tag (ub®c) carrying the corresponding lysine residue while
having an unavailable C-terminal glycine, and (3) the donor ubi-tag (Ub%") having a free
C-terminal glycine while the conjugating enzyme-specific lysine is mutated. This design
ensures that the two different ubi-tagged moieties are only conjugated to one another
and prevents either of them from being conjugated to a similar ubi-tag moiety (Fig. 2a).

To assess the efficiency of using ubiquitin as a conjugation tag for the introduction
of a payload to the ubi-tagged Fab, we used a donor ubi-tagged Fab, hereafter
referred to as Fab-Ub%", and a chemically synthesized acceptor ubiquitin carrying a
rhodamine fluorophore on its N-terminus, hereafter referred to as Rho-Ub** (Fig. 2a
and Supplementary Fig. 1). For this conjugation reaction, the lysine-48 (K48)-specific
ubiquitin E2-E3 fusion protein gp78RING-Ube2g2 was used?®. To validate our design
and confirm that no self-tagging occurs, the ubi-tag conjugation was carried out in the
presence or absence of the donor and acceptor ubi-tag, respectively. In the presence
of both Rho-Ub** and Fab-Ub", a single fluorescent band was observed after 30
minutes, indicating the formation of a single product corresponding to a Fab attached
to a fluorescent label through ubiquitin chain formation (Fig. 2b). In the absence of
either Rho-Ub®* or Fab-Ub®", no product formation was observed. In the absence of
Rho-Ub®¢, the band shifting upwards at around 90 kDa after 30 minutes on Coomassie
corresponds to the molecular weight of Fab-Ub®" loaded on the E2-E3 enzyme. The
product of the conjugation reaction, fluorescently labeled Fab (hereafter Rho-Ub,-
Fab), was purified using Protein G affinity purification and analyzed using ESI-TOF
mass spectrometry (Fig. 2b). The disappearance of the mass peak corresponding to
the mass of Fab-Ub®" indicated that it was completely consumed in the conjugation
reaction and the mass observed corresponded to the calculated mass of the covalently
attached Rho-Ub,-Fab (Fig. 2b). The efficiency of ubi-tag conjugation reactions carried
out in the scope of this study were quantified, showing an average efficiency of 94% for
all reactions involving ubi-tagged Fab fragments (Supplementary Fig. 2). To assess the
effect of ubi-tag conjugation on protein stability, we compared the thermal unfolding
profiles of Rho-Ub,-Fab to that of the unconjugated Fab-Ub®". We monitored the
temperature-dependent change in intrinsic protein fluorescence to determine the
infliction temperature at which the protein unfolds. Both conjugated and unconjugated
ubi-tag Fab showed an infliction temperature of about 75 °C, indicating that ubi-tagging
does not alter protein stability (Fig. 2c). Next, we used flow cytometry to compare
the staining of CD3 positive mouse splenocytes with Rho-Ub_-Fab CD3 to the staining
with FITC-labeled parental antibody (Fig. 2d). Both Rho-Ub,-Fab CD3 and FITC labeled
parental antibody showed a comparable percentage of CD3-positive cells, illustrating
that ubi-tag conjugation does not hinder antigen binding.
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Figure 2| Ubi-tag conjugation for the site-specific fluorescent labeling of a ubi-tagged Fab
fragment (a) Schematic representation of the concept of K48-specific ubi-tag conjugation for
the fluorescent labeling of Fab-Ub. (b) Labeling of Fab-Ub®" with Rho-Ub*¢ using K48-specific
ubiquitination enzymes shown by non-reducing SDS-PAGE followed by fluorescent imaging
and Coomassie Blue staining. The deconvoluted ESI-TOF mass spectrum of the Fab fragments
isolated from the reaction mixture confirmed the conjugation of all Fab-Ub‘" to form Rho-
Ub,-Fab. (c) Thermal unfolding profiles of Fab-Ub (blue) and the conjugated Rho-Ub,-Fab (red)
showing similar thermostability. (d) Histograms of mouse splenocytes showing the percentage
CD3 positive cells stained with Rho-Ub-Fab CD3 or FITC-mAb CD3 analyzed by flow cytometry.

Bi-and tri-valent antibody formats using ubi-tag conjugation

Having established and validated ubi-tag conjugation for antibody fragments, we
next decided to assess the production of multimeric antibody formats using ubi-
tag conjugation. We first evaluated the upper limit for the multimerization reaction
efficiency, using a ubi-tagged Fab where the fused ubiquitin has both the acceptor
lysine available as well as a free C-terminal glycine (hereafter referred to as Fab-Ub"T)
to allow the formation of higher-order ubiquitin chains (Fig. 3a). Within 30 minutes of
the conjugation reaction, the majority of Fab-Ub"“™ was converted to multimeric Fab-
Ub chains, showing the feasibility of the ubiquitination enzymes to elongate the Fab-
Ub chains forming multimers as high as the 11" order and beyond, indicating that a
large cargo such as a Fab of 50 kDa does not hamper ubi-tag conjugation (Fig. 3b and
Supplementary Fig. 3).
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Figure 3| Site-specific Fab multimerization and dimerization through ubi-tag conjugation. (a)
Schematic overview of ubi-tag based multimerization reaction of Fab-Ub"", where both the
C-terminal glycine residue as well as lysine 48 are available for conjugation. (b) Non-reducing SDS-
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PAGE gel stained with Coomassie Blue visualizing multimerization of Fab-UbWT in 30 minutes.
(c) Schematic diagram of site-specific heterodimerization of ubi-tagged Fab-fragments. (d) Non-
reducing SDS-PAGE analysis of site-specific conjugation to generate Fab-Ub-Fab. Here, both
ubi-tagged Fab moieties target mCD3. (e) Thermal unfolding of Fab-Ub_-Fab (red) compared to
Fab-Ub (blue) showing that dimerization does not compromise the stability of the ubi-tagged
Fab fragment. (f) Competition binding assay of each of Fab-Ub (green), Fab-Ub,-Fab (blue), and
parental mAb (red) targeting mCD3 against fluorescently labeled parental mAb. Representative
experiment of n=3, each condition performed in triplicates. Data are shown as mean %SD.

Next, we set out to make a bivalent monospecific Fab-Ub,-Fab against mouse CD3. The
monospecific Fab heterodimer was efficiently generated by conjugating a Fab CD3-
Ub*<, with a His-tag blocking the C-terminal glycine, to a Fab CD3-Ub®" with a UbK48R
mutation (Fig. 3c and 3d). The resulting Fab-Ub_-Fab was assessed for its thermostability
compared to the Fab-Ub monomer. Indeed, dimerization did not influence the
thermostability compared to the monomer (Fig. 3e). To validate the functionality and
assess the avidity effect of the bivalent antibody format compared to the monovalent
Fab-Ub, a competition binding assay was performed using EL4 cells expressing
mouse CD3 (Fig. 3f). For this, we competed a fixed concentration of fluorescently-
labeled parental antibody against increasing concentrations of Fab-Ub, Fab-Ub,-Fab,
and unlabeled parental antibody. Fab-Ub,-Fab showed a lower IC, compared to the
monovalent Fab-Ub which we attribute to the increased avidity of the bi-valent format.
Next, we set out to investigate the feasibility of site-specific ubiquitin chain elongation
of the hetero-dimeric Fab-Ub_-Fab to form a hetero-trimer. We reasoned that exposing
the C-terminal glycine of the Ub** of the Fab dimer would transform it into a Fab-Ub_“"-
Fab, allowing it to be available for conjugation to a third Ub®** moiety (Fig. 4a). For this
purpose, we used the deubiquitinating enzyme (DUB) UCHL3, known to exclusively
liberate the C-terminus of Ub and not the isopeptide linkage in the Ub,, to cleave the
His-tag from the C-terminus of the Ub,*****. The cleavage reaction was monitored by
mass spectrometry, detecting a decrease in mass of the heavy chain dimer of 1371
Da, corresponding to the His, -tag being cleaved off (Fig. 4b). Following isolation from
the reaction mixture, the Fab-szd"”-Fab, now carrying an available C-terminus, was
conjugated to Rho-Ub®** . Also this reaction showed to be highly efficient, where after
30 minutes almost all heavy chain dimer was conjugated to Rho-Ub*¢ as shown by
Coomassie staining and fluorescent scan of the protein gel ran in reducing conditions
(Fig. 4c). Similarly, the heterotrimer formation by conjugating Fab-Ub_%"-Fab to a third
Fab fused to a Ub*c proved to be efficient, showing that the majority of the dimer
converted into a trimer after 30 minutes (Fig. 4d).
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1371 Da). (c) Conjugation of Fab-Ub,%"-Fab to Rho-Ub** analyzed by SDS-PAGE in reducing conditions
followed by fluorescent imaging and Coomassie Blue staining. (d) Reducing SDS-PAGE analysis
showing the conjugation of the heterodimer Fab-Ub,’"-Fab to Fab-Ub* to form a Fab heterotrimer.

Ubi-tag conjugation is site-specifically reversible by DUBs

Lastly, we set out to investigate whether the internal isopeptide bond in the generated
ubi-tagged conjugates were recognized and processed by deubiquitinating enzymes.
We reasoned that cleaving ubi-tagged conjugates could potentially further expand the
applications of this technology when used in a context where the controlled disassembly
of the conjugate is desirable (Fig. 5a). However, the presence of DUBs in a biological
setting could also be detrimental to the stability and functionality of the ubi-tagged
conjugates. To investigate whether DUBs are capable of cleaving ubi-tagged conjugates,
we selected OTUB1, a DUB known to have a preference for cleaving K48-linked ubiquitin
chains*, and assessed its effect on the K48-linked Rho-Ub-Fab when incubated
together over time by Coomassie staining and fluorescent scan of the protein gel. As
shown in figure 5b, the fluorescence intensity of the upper band corresponding to Rho-
Ub,-Fab decreases over time while a lower band running around 10kDa corresponding
to Rho-Ub appears and increases in intensity. Similarly, on Coomassie over time the
upper band corresponding to Rho-Ub,-Fab decreases in intensity while two bands at
around 55kDa and 10 kDa appear and increase in intensity, corresponding to Fab-Ub
and Rho-Ub respectively. This indicated that the K48-linked Rho-Ub,-Fab was processed
and cleaved by OTUB1. Next, we investigated the stability of Rho-Ub,-Fab in human
serum in vitro as a preliminary indication for the usability of ubi-tag conjugation for
diagnostic or therapeutic applications. Here, we monitored the stability of Rho-Ub,-
Fab when incubated in human serum in vitro at 37°C over 24 hours (Fig. 5c). Notably,
the band corresponding to Rho-Ub_-Fab remained equal in intensity over time while
no new bands appeared indicating that Rho-Ub,-Fab remained stable in human serum
in vitro for more than 24 hours. To validate that a ubi-tagged Fab conjugate carrying
a larger cargo such as a ubi-tagged Fab-dimers could still be processed by DUBs, we
incubated the K48-linked Fab-Ub_-Fab with OTUB1 and monitored its stability over time
(Fig. 5d and 5e). After 90 minutes, the majority of Fab-Ub_-Fab was cleaved and a band
corresponding to the Fab-Ub monomers could be observed indicating that larger ubi-
tagged conjugates such as Fab-Ub,-Fab are still recognized and cleaved by OTUB1.
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Figure 5| Site-specific disassembly of ubi-tagged antibody conjugated by DUBs. (a) Schematic
representation of the disassembly of K48 linked Rho-Ub,-Fab by deubiquitinating enzymes to form
the monomers Fab-Ub®" and Rho-Ub*“. (b) Cleavage of Rho-Ub,-Fab by the K48-specific DUB OTUB1
shown by non-reducing SDS-PAGE followed by fluorescent imaging and Coomassie Blue staining.
(c) In vitro stability of Rho-Ub_-Fab in human serum analysed by SDS-PAGE in reducing conditions,
visualized by fluorescent imaging and Coomassie Blue staining. (d) Schematic illustration of Fab-
Ub,-Fab cleaved by DUBs to form the Fab-Ub®" and Fab-Ub** monomers. (e) K48-linked Fab-Ub,-
Fab cleavage by OTUB1 analyzed by non-reducing SDS-PAGE followed by Coomassie blue staining.

mADb conjugation and Tetravalent antibody formats

To show that ubi-tagging is not restricted to antibody fragments but can also be applied
to full mAbs, we produced recombinant mAbs with a ubi-tag fused to the C-terminus
of each heavy chain. We produced two ubi-tagged mAbs, TA99 anti-TRP1 carrying an
acceptor ubi-tag and 2C11 anti-mCD3 carrying a donor ubi-tag. We generated the
ubi-tagged anti-TRP1 mAb using the hybridoma genome editing technology®®, where
we targeted the hinge region of the TA99 anti-TRP1 hybridoma to introduce an Fc-
silent domain to which acceptor ubiquitin (UbAGG) was fused. The Fc-silent domain
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was introduced to avoid Fc-mediated immune activation in the following applications.
Stable ubi-tagged antibody-producing hybridoma clones were obtained, and Ubi-
tagged mAbs were validated for the presence of the ubi-tag using western blot analysis
(Supplementary Fig. 4). The ubi-tagged 2C11 anti-mCD3 mAbs were generated by
overexpression of the mAbs in HEK-293 cells. Here, the Fc-silent domain was also
introduced to which the donor ubi-tag was fused. Both ubi-tagged mAbs were purified
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Figure 6| Ubi-tag conjugation for the fluorescent labeling of ubi-tagged mAbs (a) Schematic
representation of the K48-specific ubi-tag conjugation for the fluorescent labeling of anti-TRP1 mAb-
Ub*<to Rho-Ub®", (b) Schematic representation of the ubi-tag conjugation of anti-mCD3 mAb-Ub®"to
Rho-Ub*«. (c) Conjugation of Rho-Ub®" to anti-TRP1 mAb-(Ub*), analyzed by SDS-PAGE under reducing
conditions and visualized by fluorescent imaging and Coomassie Blue staining. (d) Conjugation of Rho-
Ub** to anti-mCD3 mAb-(Ub®"), analyzed by SDS-PAGE under reducing conditions and visualized by
fluorescent imaging and Coomassie Blue staining.

using Protein A affinity purification and the purified ubi-tagged mAbs were assessed by
mass spectrometry (Supplementary Fig. 5).

To assess the conjugation efficiency of ubi-tagged mAbs and determine if full
conjugation is achievable, we decided to first test the ubi-tag conjugation of both donor
and acceptor ubi-tagged mAbs to a ubitag carrying a small cargo, a rhodamine moiety,
to either an acceptor or donor respectively (Fig. 6a-b). We tested the conjugation of
the mAb fused to an acceptor ubiquitin, hereafter mAb-(Ub*<),, to Rho-Ub®". After
30 minutes, the heavy chains of mAb-(Ub*<), were fluorescently labeled as shown
by Coomassie staining and fluorescent scan in figure 6¢c. The protein gel was run in
reducing conditions, and it can be appreciated that the complete upward shift of the
band corresponding to the ubi-tagged heavy chain indicates that both ubi-tags on each
of the heavy chains were conjugated to Rho-Ub. To confirm that ubi-tagged mAbs can
be efficiently conjugated in both acceptor and donor ubi-tag formats, we conjugated a
mAb-(Ub®"), to Rho-Ub**. Indeed, both ubi-tagged mAb formats showed similarly high
conjugation efficiency (Fig. 6d).

Next, we attempted to form a tetravalent bispecific-antibody conjugate applying
ubi-tagging. We aimed for a bispecific T cell engager (BIiTE) in two ubi-tagged formats,
one by conjugating anti-TRP1 Fc-silent mAb-(Ub>“), to anti-mCD3 (clone 145-2C11)
Fab-Ub®" and the other by conjugating anti-mCD3 Fc-silent mAb-(Ub®"), to anti-TRP1
Fab-Ub®" (Fig 7a-b). The conjugation reactions reached near completion in 60 minutes
(Fig. 7c-d) in which the majority of the unconjugated mAb-(Ub), were converted to
the tetravalent bispecific-antibody conjugate mAb-(Ub_-Fab),. After purification the
functionality of these two ubi-tagged BiTEs were evaluated in an in vitro T cell activation
and cytotoxicity assay. Here, WT or TRP1 transfected KPC3 cells (KPC3-TRP1) were
co-cultured with CD8 T cells from WT C57BL6/J mice and incubated with increasing
concentrations of either of the two bispecific antibody complexes or the combination of
their corresponding unconjugated mAb-(Ub>), and Fab-Ub“®"(Fig.7e-f). Flow cytometry
analysis revealed that both ubi-tagged BiTEs induced a dose-dependent T cell activation
as measured by the increased expression of Ki67, granzyme B, CD69 and 4-1BB (CD137)
by the T cells, only when co-cultured with KPC3-TRP1 cells and not with KPC3 WT cells
(Fig. 7e-f and Supplementary Fig. 6). Additionally, the ubi-tagged BiTEs showed a dose-
dependent cell killing in an LDH release assay with TRP1 expressing KPC3 cells, while the
WT cells and KPC3-TRP1 incubated with the unconjugated mAb-(Ub><), and Fab-Ub®"
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showed no induction of killing (Fig. 7e-f and Supplementary Fig. 7). Altogether these
results demonstrate the flexibility and efficiency of the ubi-tagging approach, and the
functionality of ubi-tagged tetravalent bispecific-antibody complexes.
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Figure 7| Conjugation of ubi-tagged mAbs for the generation of a bispecific tetravalent antibody
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complexes. (a) Schematic representation of anti-TRP1 mAb-(Ub_-anti-mCD3 Fab), generated by ubi-
tag conjugation of anti-TRP1 mAb-(Ub*<), to two moieties of anti-mCD3 Fab-Ub®". (b) Schematic
representation of the bispecific tetravalent antibody complex anti-mCD3 mAb-(Ub,-anti-TRP1 Fab),
by ubi-tag conjugation of anti-mCD3 mAb-(Ub®"), to two moieties of anti-TRP1 Fab-Ub*“. (c) SDS-
PAGE analysis of the generation of the bispecific tetravalent antibody complex anti-TRP1 mAb-(Ub,-
anti-mCD3 Fab), by ubi-tag conjugation of anti-TRP1 mAb-(Ub><), to two moieties of anti-mCD3 Fab-
Ub®rn. (d) SDS-PAGE analysis of the generation of the bispecific tetravalent antibody complex anti-
mCD3 mAb-(Ub,-anti-TRP1 Fab), by ubi-tag conjugation of anti-mCD3 mAb-(Ub®"), to two moieties
of anti-TRP1 Fab-Ub*, (d-h) In vitro T cell activation and cytotoxicity by the ubi-tagged bispecific
TRP1xmCD3 complexes. Primary mouse (C57BL/6) CD8* T cells were added in a 10:1 ratio to KPC3-
Trp1 followed by addition of 0 — 1 ug/mL of either mAb-(Ub,-Fab), or unconjugated mAb-(Ub), and
two Fab-Ub%", and incubated for two days. T cell activation was assessed using flow cytometry for
Ki67, Granzyme B, CD69, and 4-1BB. Data (n=3) are shown as percentage positive T cells +SD. T tests,
*¥**¥*P<0.0001, **P<0.01. Full statistical analysis is provided in supplementary table S5. Cytotoxicity
was assessed using a LDH cytotoxicity assay. Data (n=3) are shown as percentage cytotoxicity +SD.

T tests, ****P<0.0001, **P<0.01. Full statistical analysis is provided in supplementary table S5.

Discussion

Over the past decade, tremendous advances have been made in the field of antibody
conjugation to facilitate the generation of antibody conjugates and multivalent
antibody formats for a broad spectrum of applications in research, diagnostics and
therapy. Traditional conjugation methods rely on chemical modification of primary
amines or thiol groups along the antibody sequence resulting in heterogenous mixtures
with multiple uncontrolled modification sites.' This often results in batch-to-batch
variability, reduced antigen binding and impaired stability.

Significant progress has been made in the development of site-specific conjugation
methods, contributing to innovation in the generation of antibody conjugates of
diverse formats. However, slow reaction kinetics, low yield and time-consuming multi-
step conjugation procedures remain problematic.>'”?> Hence, substantial efforts are
currently still being focused on developing new or improved antibody conjugation
strategies.

Here we report the use of ubiquitin conjugation (ubi-tagging), as a highly-specific and
broadly applicable antibody conjugation platform. We demonstrate that this approach is
an efficient technology for the site-specific, and flexible ubi-tag conjugation. In this study
we addressed four main aspects of this technique: (1) Ubi-tag conjugation reactions
result in a highly defined homogenous product that is covalently attached at a specific
position. For the conjugation reactions, we used an E2-E3 fusion enzyme specific for
ubiquitin conjugation on lysine 48 and a single product was formed in each reaction (Fig.
2b). This indicates that the conjugation only took place on lysine 48 and that a defined
antibody conjugate was produced that, in contrast to commonly used conjugation
techniques, is consistent from batch-to-batch. (2) Ubi-tag conjugation reactions are
fast and highly efficient process. The efficiency of ubi-tag conjugation reactions in this
study at timepoint 30 minutes were quantified and plotted (Supplementary Fig. 2).
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Conjugation reactions involving ubi-tagged Fab fragments or ubi-tagged mAbs showed
an average reaction efficiency of 93% and 96%, respectively. This indicates that the ubi-
tag conjugation reaction efficiency was not hampered, neither as donor nor acceptor
ubi-tag, by fusion to a protein with molecular weight as high as a mAb of 150 kDa.
(3) The specificity and efficiency of ubi-tag conjugation facilitates the generation of
multimeric antibody complexes with an unprecedented ease. The level of control in
this conjugation reaction, with a defined donor ubi-tag and acceptor ubi-tag each fused
to a different moiety, allows the generation of defined hetero-multimeric antibody
complexes (Fig 3, 4 and 7). (4) The established full chemical synthesis of ubiquitin*~*’
further expands its potential applications as an antibody conjugation tag. This facilitates
the attachment of chemical modifications such as small molecules, fluorophores, tags
or chemical warheads at one or more position in a defined manner (Fig. 2, 6 and
Supplementary Fig. 1).

Although, in this study the K48 specific E2-E3 pair gp78RING-Ube2g2 was used?s,
ubi-tag conjugation is not limited to this pair of ubiquitin E2 and E3 enzymes or linkage
type. Other E2 and E3 enzymes also proved to be exploitable for ubi-tag conjugation of
proteins and antibodies, including the E2-E3 pair UbcH7 and NleL* for the generation
of K6-linked ubi-tagged antibody conjugates (Supplementary Fig. 8). The variety in
ubiquitin linkage types and linkage specific ubiquitination enzymes provide additional
flexibility to this conjugation platform. Additionally, ubiquitin chains of different linkage
types are known to have different conformations?. This could be exploited in future
research for applications where it is of value to gain control over the spatial orientation
of the antibodies conjugated to each other®. Furthermore, another promising aspect
of ubi-tag conjugation is its specific reversibility using deubiquitinating enzymes*(Fig.
5). Conditional cleavage using DUBs, could provide dynamic control over the activity of
ubi-tagged antibody complexes.

In summary, ubi-tag conjugation provides a fast, efficient, and modular technique to
generate well-characterized antibody conjugates of limitless formats and combinations.
We expect the widespread adoption of this conjugation technique and its contribution
to improving and developing antibody conjugates for preclinical research, diagnostic,
and therapeutic applications.

Methods

General cell culture conditions

Thehybridomacellline KT3, kindly provided by dr. Ramon Arens (LUMC, The Netherlands),
was modified for the stable expression of ubi-tagged antibodies or antibody fragments.
Other celllines used in this study were EL4 (kindly provided by dr. Jacques Neefjes (LUMC,
The Netherlands) KPC3 and KPC3-TRP1. KT3 and EL4 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco) supplemented with 7.5% FCS. The KPC3 cell
line was obtained from a primary pancreatic KPC tumor with mutant p53 and K-ras®!

46



Ubiquitin as a conjugation tag for labeling and multimerization of antibodies

from a female C57BL/6 mouse. KPC3-Trpl was generated as described® and purified
using cell sorting with the TA99 antibody. Cells were cultured in IMDM supplemented
with 7.5% FCS. All the cell lines used in the study were maintained at 37 °C and 5% CO,,
routinely examined by morphology analysis and tested for mycoplasma.

Cloning of CRISPR-Cas9 and donor constructs

The genomic sequence of the rlgG2a heavy chain locus, migG2a heavy chain locus,
were identified via the Ensembl rate genome build Rnor_6.0 and used for the design
of the different HDR donor templates. gRNA for the rigG2a constructs were previously
described; for Hinge HDR constructs, gRNA-H, GACTTACCTGTACATCCACA, Addgene
124808; for isotype switch, gRNA-ISO (TGTAGACAGCCACAGACTTG, Addgene 124811).
For the hinge region of migG2a gRNA-85 (TGGAGGACAGGGCTTGATTG), gRNA-76
(GGGCTTGATTGTGGGCCCTC) and gRNA-102 (TTACCTGGGCATTTGCATGG) were designed
using the CRISPR tool from the Zhang laboratory (http://crispr.mit.edu) and ordered
as single-stranded oligos from Integrated DNA Technologies (IDT) with the appropriate
overhangs for cloning purposes. The oligos were phosphorylated with T4 PNK enzyme
by incubation at 37 °C for 30 minutes and annealed by incubation at 95 °C for 5 minutes
followed by gradually cooling to 25 °C using a thermocycler. The annealed oligos were
cloned into the plasmid pSpCas9(BB)-2A-Puro (PX459), which was obtained as gifts from
F.Zhang (Addgene plasmids 62988)%. Synthetic gene fragments containing homologous
arms and desired insert were obtained via Twistbioscience and cloned into the PCR4
TOPO TA vector (Thermo Fisher Scientific). All CRISPR-Cas9 and HDR constructs were
purified with the NucleoBond Xtra Midi Kit (740410.100, Machery-Nagel) according to
the manufacturer’s protocol.

Hybridoma nucleofection with HDR and CRISPR-Cas9

Nucleofection of the HDR template and CRISPR-Cas9 vectors was performed with
Cell Line Nucleofector Kit R (Lonza, VCA-11001) nucleofector 2b device. Before
nucleofection hybridoma cells were assessed for viability and centrifuged (90g, 5
minutes), resuspended in PBS supplemented with 1% FBS and centrifuged again (90g,
5 minutes). 1x10°ells were resuspended in 100 pL Nucleofector medium with 1 ug
of HDR template and 1 pg of CRISPR-Cas9 vectors or 2 pug of GFP vector (control) and
transferred to cuvettes for nucleofection with the 2b Nucleofection System from Lonza
(Program X001). Transfected cells were transferred to a 6-well plate in 4 mL of pre-
warmed complete medium. The following day the cells were transferred to a 10 cm
petridish in 10 mL of complete medium, supplemented with 10-20 pg/mL of blasticidin
(Invivogen, anti-bl-05). Antibiotic pressure was sustained until GFP-transfected
hybridomas were dead and HDR transfections were confluent (typically between day
10-14). Cells were subsequently clonally expanded by seeding the hybridomas in 0.3
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cells/well in round-bottom 96-well plates in 100 uL of complete medium. After one-
two weeks, supernatant from wells with a high cell density were obtained for further
characterization and selected cloned were expanded.

Solid-phase peptide synthesis

Solid-phase peptide synthesis (SPPS) of Rho-Ub was performed on a Syro Il Multisyntech
Automated Peptide synthesizer (SYRO robot; Part Nr: SO02PS002; MultiSyntech GmbH,
Germany) on a 25 umol scale using standard 9-fluorenylmethoxycarbonyl (Fmoc) based
solid phase peptide chemistry based on the procedure described by El Oualid et al.*®
using a fourfold excess of amino acids relative to pre-loaded Fmoc amino acid trityl
resin (between 0.17 and 0.20 mmol/g, Rapp Polymere, Germany). To prepare Rho-Ub,
5-carboxyrhodamine110 (Rho) was coupled to the N-terminus of Ub following SPPS
as described by Geurink et al’*. All synthetic products were purified by RP-HPLC on a
Waters preparative RP-HPLC system equipped with a Waters C18-Xbridge 5 um OBD (10
X 150 mm) column. The purified products were lyophilized and assayed for purity by
high resolution mass spectrometry on a Waters Acquity H-class UPLC with XEVO-G2 XS
Q-TOF mass spectrometer and by SDS-PAGE analysis.

Thermal unfolding assay

For each of the Ubi-tagged Fab and conjugates, 10 pL samples were prepared with a
concentration ranging from 0.5 to 1 mg/mL and loaded into the capillaries (NanoTemper
Technologies). Changes in tryptophan fluorescence intensity upon protein unfolding
was measured using the NanoTemper Tycho NT.6 (NanoTemper Technologies) using
an increasing temperature gradient from 35 °C to 95 °C at a rate of 20 °C/min. The
Inflection temperatures (T,) of the proteins was determined from the first derivative of
the fluorescence ratios (F.. /F., ).

Mass spectrometry

Mass spectrometry analysis was carried out on Waters ACQUITY UPLC-MS system
equipped with a Waters ACQUITY Quaternary Solvent Manager (QSM), Waters ACQUITY
FTN AutoSampler, Waters ACQUITY UPLC Protein BEH C4 Column (300 A, 1.7 um, 2.1
x 50 mm) and XEVO-G2 XS QTOF Mass Spectrometer (m/z = 200-2500) in ES+ mode.
Sample were run using 2 mobile phases: A = 1% MeCN, 0.1% formic acid in water and
B = 1% water and 0.1% formic acid in MeCN with a runtime of 14 minutes. In the first
4 minutes, salts and buffer components were flushed from LC column using 98% A and
2% B. In the next 7.5 minutes, a gradient of 2-100% B was used, followed by 0.5 minutes
of 100% B and subsequent reduction to 2% B and 98% A in 2 minutes. Data processing
was performed using Waters MassLynx Mass Spectrometry Software 4.1, where the
mass was obtained by deconvolution with the MaxEnt1 function.
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Protein expression and purification

The E1 ubiquitin-activating enzyme UBE1 carrying an N-terminal His-tag was expressed
from a pET3a vector in E. coli BL21(DE3) in autoinduction media for 2-3 hours at 37 °C,
after which the bacteria were allowed to grow overnight at 18 °C. Next, bacteria were
harvested and lysed by sonication, followed by His-affinity purification using Talon metal
affinity resin (Clontech Inc., Palo Alto, CA, USA). Subsequently, the protein was further
purified by anion exchange using a Resource Q column (GE Healthcare), followed by size
exclusion using a Superdex 200 column (GE Healthcare).

The E2/E3 enzyme chimera plasmid was obtained as a gift from dr. Vincent Chau
(Penn State, USA). The expression plasmid consists of the RING domain of the E3
ubiquitin ligating enzyme gp78 fused to the N-terminus of the E2 ubiquitin-conjugating
enzyme Ube2g2 in a PET28a-TEV vector.

The E2/E3 enzyme chimera was expressed and purified as described®®. In brief, the
fusion protein was expressed in E. coli BL21(DE3) cells grown in LB at 37°C until OD,
= 0.4-0.6 and induced with 0.4 mM IPTG for 4 hours at 30 °C. The harvested cells were
lysed with Bugbuster protein extraction reagent (Millipore) according to manufacturer’s
protocol. The fusion protein was purified on Ni-NTA resin followed by size exclusion
using a Superdex 200 column (GE Healthcare). Next, TEV protease cleavage was carried
out overnight, and the cleaved fusion protein was further purified using a Resource Q
column (GE Healthcare).

Ubi-tagged Fabs were produced in hybridoma cell lines engineered to produce Fabs
fused at the C-terminus of the heavy chain to ubiquitin, followed by a His-tag at the
C-terminus of ubiquitin. The modified hybridoma cells were cultivated for antibody
production in CD Hybridoma medium supplemented with 2 mM ultraglutamine and 50
UM B-mercaptoethanol for 7 to 10 days. To prevent the cleavage of the His-tag during
cultivation, which is essential for blocking the C-terminal glycine residue of acceptor
ubi-tags, antibodies fused to an acceptor ubi-tag were secreted in culture media
supplemented with Ub-PA. However, donor ubi-tags require a free C-terminus; thus,
antibodies fused a donor ubi-tag intended for conjugation were cultured without a
DUB inhibitor. After 7 to 10 days, the culture media containing the ubi-tagged Fabs
was centrifugated to remove cells. The supernatant was filtered through a 0.22 pm
filter (GE Healthcare) and loaded on a pre-equilibrated HiTrap Protein G HP column
(GE Life Science), and the ubi-tagged antibodies were purified according to the
manufacturer’s protocol. Elution fractions containing the ubi-tagged antibodies were
pooled and dialyzed against PBS. Acceptor ubi-tagged antibodies, carrying a His-tag at
the C-terminus of ubiquitin, were purified by Ni-NTA affinity purification prior to Protein
G affinity purification (Supplementary Fig. 9).
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Ubi-tag conjugation reaction

Ubi-tag conjugation reactions were carried out in the presence of 0.25 uM E1 enzyme,
20 uM E2/E3 hybrid enzyme, 10 mM MgCIzland 5 mM ATP in PBS. For analysis of the
reaction efficiency by SDS-PAGE, an initial reaction sample was taken from the reaction
mixture prior to the addition of ATP. After the addition of ATP, the reaction was incubated
at 37 °C for 30 minutes while shaking. Conjugation reaction samples were analyzed by
qguenching 2-5 pL of the reaction mixture in sample buffer and run on 4-12% Bis-Tris
gels (Invitrogen) by SDS-PAGE with MOPS as running buffer. All conjugation reactions
were run in non-reducing conditions except for conjugation reactions involving
constructs of high molecular weight such as Fab trimers, where the sample buffer was
supplemented with B-mercaptoethanol. Gels were stained using InstantBlue Coomassie
Protein Stain (abcam) and imaged using Amersham600. Fluorescently labeled proteins
were visualized by in-gel fluorescence using Typhoon FLA 9500 imaging system (GE Life
Sciences) prior to staining with Coomassie. Small-scale reactions were carried out on a
scale corresponding to 2.5 ug ubi-tagged antibody fragments, while large-scale reactions
were carried out on a 200 pg to 1 mg scale. Ubi-tagged Fab conjugates were purified
from the reaction mixture by protein G affinity purification using a HiTrap Protein G HP
column (GE Life Science) according to the manufacturer’s protocol. The elution fractions
containing purified conjugates were pooled, dialyzed against PBS, and concentrated
using a 10 kDa Amicon Ultra centrifugal filter unit (Millipore). The purity of the ubi-
tagged conjugates was assessed by SDS-PAGE and high-resolution mass spectrometry
on a Waters Acquity H-class UPLC with XEVO-G2 XS Q-TOF mass spectrometer.

For conjugation of a-CD3 Fab-Ub®" to Rho-Ub*¢, 10 uM of Fab-Ub%" and 50 uM
Rho-Ub** were used in the reaction. Multimerization of ubi-tagged Fab fragments
was carried out using 30 uM of Fab-Ub"". For site-specific dimerization of a-CD3 ubi-
tagged Fab-fragments, 15 pM of the Fab-Ub®" and 10 uM Fab-Ub** were used, and the
conjugates were further purified using Ni-NTA prior to dialysis. . Rhodamine labeling of
ubi-tagged mAbs was carried out using 5 UM mAbs and 50 uM Rho-Ub, while bispecific
antibody conjugates were generated using 3.5 uM mAbs and 10 uM Fab.

Conjugation of a third moiety to ubi-tagged Fab dimer

To prepare Fab-Ub, -Fab for conjugation, the C-terminal glycine was exposed using
the DUB UCHL3. For this, 2.5 uM Fab dimer was incubated with 50 nM UCHL3 in
PBS at 37 °C for 30 minutes. The cleavage efficiency was assessed by high-resolution
mass spectrometry on a Waters Acquity H-class UPLC with XEVO-G2 XS Q-TOF mass
spectrometer. Following cleavage, UCHL3 was precipitated by 10-fold dilution with 50
mM sodium acetate pH 4.5 and 100 mM sodium chloride, followed by centrifugation.
The supernatant containing Fab-Ub,"-Fab was concentrated, and buffer exchanged to
PBS using a 50 kDa Amicon Ultra centrifugal filter unit (Millipore).
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For the conjugation of Fab-Ub, “"-Fab to Rho-Ub*‘, 4 uM Fab-Ub_“"-Fab and 100
UM Rho-Ub** were reacted in the presence of 0.25 uM E1 enzyme, 20 uM E2/E3
hybrid enzyme, 10 mM MgCl, and 5 mM ATP in PBS for 30 minutes at 37 °C. For the
generation of a ubi-tagged Fab trimer, 4 uM Fab dimer and 30 uM Fab-Ub®** were used
for conjugation in the presence of 0.25 uM E1 enzyme, 20 uM E2/E3 hybrid enzyme, 10
mM MgCl,and 5 mM ATP in PBS for 30 minutes at 37 °C. Conjugation reaction samples
were analyzed by quenching 3 pL of the reaction mixture in sample buffer and run on
4-12% Bis-Tris gels (Invitrogen) by SDS-PAGE with MOPS as running buffer.

Flow cytometry

The binding of Rho-Ub,-Fab targeting mCD3 and FITC-labeled parental antibody
(ThermoScientific, MA1-80640) to mCD3 positive EL4 cells was compared by staining
50,000 EL4 cells with 50 uL of 1ug/mL Rho-Ub,-Fab or FITC-labeled parental antibody
for 30 minutes at 4 °C. Next, the cells were washed twice with PBS supplemented with
5% FCS and fluorescence intensity was measured on an LSR Il flow cytometer (BD).

A competitive binding assay was performed to assess the antigen binding of ubi-tagged
antibody fragments and conjugates. Here, 50.000 EL4 cells per well were stained
with 50 pL of mCD3 targeting Fab-Ub, Fab-Ub2-Fab, or unlabeled parental antibody
(ThermoScientific, MA1-80783), in increasing concentrations ranging from 0.01 to 1000
nM for 15 minutes at 4 °C. Next, the cells were washed with PBS supplemented with
5% FCS, followed by incubation with 1ug/mL in 50 uL of FITC-labeled parental antibody
(ThermoScientific, MA1-80640) for 30 minutes at 4 °C. Cells were washed twice, and
fluorescence intensity was measured by flow cytometry on an LSR Il flow cytometer
(BD).

In vitro serum stability assay

Human serum (Sigma-Aldrich, H4522) was diluted in PBS to 25% (v/v) and incubated at
37 °C for 15 minutes. Next, Rho-Ub_-Fab was added at a final concentration of 10 uM,
and the mixture was incubated at 37 °C. The stability of Rho-Ub_-Fab over time was
analyzed by quenching 5 pL of the reaction mixture in sample buffer supplemented with
B-mercaptoethanol at specific time points (0, 0.5, 1, 2, 3, 6, and 24 hours). Samples were
run on 4-12% Bis-Tris gels (Invitrogen) by SDS-PAGE with MOPS as running buffer. Serum
stability of Rho-Ub_-Fab was visualized by in-gel fluorescence using Typhoon FLA 9500
imaging system (GE Life Sciences), followed by staining with InstantBlue Coomassie
Protein Stain (abcam).

DUB cleavage assay
DUB cleavage of ubi-tagged Fab conjugates by OTUB1 was carried out using 5 uM of
either Rho-Ub,-Fab and Fab-Ub_-Fab and 1 uM OTUBL1 in PBS at 37 °C for 30-90 minutes.
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The reaction efficiency was monitored by SDS-PAGE where samples were quenched
at different time-point in sample buffer and run on 4-12% Bis-Tris gels (Invitrogen) by
SDS-PAGE with MOPS as running buffer. Gels were stained using InstantBlue Coomassie
Protein Stain (abcam) and imaged using Amersham600. Fluorescently labeled proteins
were visualized by in-gel fluorescence using Typhoon FLA 9500 imaging system (GE Life
Sciences) prior to staining with Coomassie.

Mice

All mice were purchased from Charles River Laboratories, France. All animal studies
were approved by the local authority for the Ethical Evaluation of Animal Experiments
and Animal Welfare (Instantie voor Dierenwelzijn Radboudumc). All mice were kept in
accordance with federal and state policies on animal research and Annex Ill of the EU
Directive (Directive 2010-63-EU). Female C57BL/6 WT and OTI (Tg(TcraTcrb)1100Mjb/
Crl) between 8-12 weeks of age and 18-25 g body weight were used for in vitro and in
vivo experiments. Mice were sacrificed by cervical dislocation.

LDH assay

KPC3 or KPC3-Trpl cells were irradiated with 6000 Rad to prevent proliferation,
added to a 96-well plate, and incubated for 4 hours at 37 °C to facilitate adherence.
Splenocytes were obtained from naive C57BL/6 mice and CD8 T cells were purified
using a CD8 enrichment kit (BD Biosciences, 558471). CD8 T cells were added in a 10:1
E:T ratio to the 96-well plate, followed by the addition of 0-1ug/mL of either the ubi-
conjugated TRP1xmCD3 bispecific or the unconjugated ubi-tagged TRP1 mAb + mCD3
Fab, and incubated for 48 hours. Tumor cell killing was assessed using the CyQUANT TM
LDH cytotoxicity assay (ThermoFisher, C20301) following manufacturer’s instructions.
In parallel, CD8 T cells were stained with Zombie Aqua fixable viability dye (BioLegend,
423102), CD69 FITC (Invitrogen, 11-0691-82), and CD137 APC (BioLegend, 106110),
and fluorescence was measured on the LSR Il flow cytometer (BD) to determine T-cell
activation. Fluorescence data were analyzed using FlowJo software.
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Supplementary information

PG PG e PG PG
. _SPPS o nN—{UbAGG —2 5 Y¥{uwace —b 5 ¥¥{Ubrce
PG Pe PG

S1 Total chemical synthesis of Rho-Ub®*. The Ub** lacking G75 and G76 (UbAGG) was synthesized by
linear solid-phase peptide synthesis (SPPS) on a trityl resin followed by coupling of diBoc-protected
rhodamine (Rho) to the N-terminus. Next, removal of the protection groups (PG) and cleavage of
Rho-Ub** from resin was performed under strong acidic conditions. Reagents and conditions: a)
N,N’-Boc-protected 5-carboxyrhodamine, PyBOP, DIPEA, NMP overnight at RT; b) TFA/H,0/phenol/
iPr,SiH (90.5:5:2.5:2; v/v/v/v) for 3 h. at RT.
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S2 The efficiency of ubi-tag conjugation reactions conducted in this study. Conjugation reactions
involving ubi-tagged Fab fragments forming di-ubiquitin chains showed an average reaction efficiency
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of 94.2% while conjugation reactions involving ubi-tagged Fabs forming tri-ubiquitin chains showed an
average efficiency of 93.4%. Conjugation of ubi-tagged mAbs showed an average reaction efficiency
of 95.7% within 60 mins. The conjugation reaction efficiency is calculated by quantifying the gel bands
corresponding to the limiting reactant at the start and end of the reaction (indicated in the dashed
boxes) and calculating the percentage of limiting reactant consumed.
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S6 In vitro T cell activation and tumor cell killing assay to validate the functionality of ubi-conjugated
bispecific TRP1 mAb x mCD3 Fab antibody complex. CD8* T cells in the presence of KPC3-TRP1 cells
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or control cells KPC1, were treated with increasing concentrations (0 — 1 ug/mL) of the ubi-conjugated
TRP1 mAb x mCD3 Fab bispecific or the unconjugated ubi-tagged TRP1 mAb and mCD3 Fab. (a) Surface
expression of T cell activation markers Ki67, granzyme B, CD69 and CD137 were analyzed by flow
cytometry. (b) Tumor cell killing was assessed using the CyQUANT TM LDH cytotoxicity assay. (a-b)
Ordinary one-way Anova test was applied to the ubi-conjugated bispecific TRP1 mAb x mCD3 Fab vs.
the unconjugated ubi-tagged TRP1 mAb and mCD3 Fab of the same concentration, showing only the
significant values. All statistical values are shown in table S5. n=1 independent experiments, each
condition performed in triplicates.
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S7 Invitro T cell activation and tumor cell killing assay to validate the functionality of ubi-conjugated
bispecific mCD3mAb x TRP1 Fab antibody complex. CD8* T cells in the presence of KPC3-TRP1 cells
or control cells KPC1, were treated with increasing concentrations (0 - 1 pg/mL) of the ubi-conjugated
bispecific mCD3 mAb x TRP1 Fab or the unconjugated ubi-tagged mCD3 mAb and TRP1 Fab. (a) Surface
expression of T cell activation markers Ki67, granzyme B, CD69 and CD137 were analyzed by flow
cytometry. (b) Tumor cell killing was assessed using the CyQUANT TM LDH cytotoxicity assay. (a-b)
Ordinary one-way anova test was applied to the ubi-conjugated bispecific mCD3 mAb x TRP1 Fab vs.
the unconjugated ubi-tagged mCD3 mAb and TRP1 Fab. of the same concentration, showing only the
significant values. All statistical values are shown in table S5. n=3 independent experiments, each
condition performed in triplicates.
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S9 Purification of Fab-Ub®** and Fab-Ub®" from hybridoma culturing media. (a) Hybridoma cells
secreting Fab-Ub®* are cultured in presence of Ub-PA and Fab-Ub®* is isolated from the culturing
media by Ni-NTA followed by Protein G affinity purification to ensure the His-tag is present on all
purified Fab-Ub®*. (b) Hybridoma cells secreting Fab-Ub®" are cultured in absence of Ub-PA and Fab-
Ub®n is purified from culturing media by Protein G affinity purification.
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Table S1 Rat IgG2A ubi-tagged Fab: donor and acceptor. Design HDR-template used to obtain the anti-
mCD3 Fab-Ub®" and anti-mCD3 Fab-Ub?«.

PCR4 TOPO sequence

5'HA CCTGGAACTCTGGAGCCCTGTCCAGCGGTGTGCACACCTTCCCAGCTGTCCTG-
CAGTCTGGACTCTACACTCTCACCAGCTCAGTGACTGTACCCTCCAGCACCTGGTC-
CAGCCAGGCCGTCACCTGCAACGTAGCCCACCCGGCCAGCAGCACCAAGGTGGA-
CAAGAAAATTGGTGAGAGAACAACCAGGGGATGAGGGGCTCACTAGAGGTGAGGATA-
AGGCATTAGATTGCCTACACCAACCAGGGTGGGCAGACATCACCAGGGAGGGGGCCT -
CAGCCCAGGAGACCAAAAATTCTCCTTTGTCTCCCTTCTGGAGATTTCTATGTCCTT -
TACACCCATTTATTAATATTCTGGGTAAGATGCCCTTGCATCATGACATACAGAG-
GCAGACTAGAGTATCAACCTGCAAAAGGTCATACCCAGGAAGAGCCTGCCAT-
GATCCCACACCAGAACCAACCTGGGGCCTTCTCACCTATAGACCATACTAACACA-
CAGCCTTCTCTCTGCAGTGCCAAGGGAATGCGGAGGCGGT

|_inker_UbL76 TGCCAAGGGAATGCGGAGGCGGTGGATCTATGCAAATTTTCGTTAAGACTCT -
“His GACAGGGAAGACTATTACACTGGAGGTTGAGCCATCAGATACGATTGAGAAT-
10x GTCAAGGCAAAGATACAGGACAAAGAAGGGATACCCCCGGACCAACAAAGGCT-
GATCTTCGCTGGGAAGCAACTGGAAGATGGCCGAACACTGAGCGATTATAACATA-

(acceptor) CAARRGGAGTCTACACTGCATTTGGTTCTGCGCCTTCGAGGCGGGCATCACCACCAC -
CATCACCATCATCACCATTGACATATG
Linker - Ub,,, TGCCAAGGGAATGCGGAGGCGGTGGATCTATGCAAATATTCGTARAGACTCTGACC
“His R GGGAAAACCATTACACTTGAAGTGGAGCCGTCAGACACGATTGAGAATGTTAAGGC—
10x TAAGATTCAGGACAAGGAAGGTATCCCGCCAGACCAACAACGCCTGATCTTCGCCG
(Donor) GACGACAATTGGAGGATGGTAGGACTTTGAGCGATTACAACATACAGAAAGAATC -
TACTCTTCATTTGGTATTGCGGCTGAGGGGCGGGCATCACCATCATCACCATCAC
CACCACCATTGACATATG
IRES Bsr polyA CCGGTGAGCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTG

GAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCC-
GTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAG-
CATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAAT-
GTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTG-
TAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCG-
GCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGC-
CACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCG-
TATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCT -
GATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAAC-
GTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATA-
ATCTAGAGTCGACGTTAACATGAAGCCTTTGTCTCAAGAAGAATCCACCCTCATT -
GAAAGAGCAACGGCTACAATCAACAGCATCCCCATCTCTGAAGACTACAGCGTC-
GCCAGCGCAGCTCTCTCTAGCGACGGCCGCATCTTCACTGGTGTCAATGTATAT -
CATTTTACTGGGGGACCTTGTGCAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCG-
GCAGCTGGCAACCTGACTTGTATCGTCGCGATCGGAAATGAGAACAGGGGCATCTT-
GAGCCCCTGCGGACGGTGCCGACAGGTGCTTCTCGATCTGCATCCTGGGATCAAAGC-
CATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCT -
GCCCTCTGGTTATGTGTGGGAGGGCTAAGAGCTCGCTAGCCTGTGCCTTCTAGTT -
GCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGT -
GCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCT -
GAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAG-
GATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGAGATCTT -
TAATTAA
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3’HA GGTAAGTCACTAGGACTATTACTCCAGCCCCAGATTCAAAAAATATCCTCAGAG-
GCCCATGTTAGAGGATGACACAGCTATTGACCTATTTCTACCTTTCTTCTTCATC-
TACAGGCTCAGAAGTATCATCTGTCTTCATCTTCCCCCCAAAGACCAAAGATGT -
GCTCACCATCACTCTGACTCCTAAGGTCACGTGTGTTGTGGTAGACATTAGC-
CAGAATGATCCCGAGGTCCGGTTCAGCTGGTTTATAGATGACGTGGAAGTCCA-
CACAGCTCAGACTCATGCCCCGGAGAAGCAGTCCAACAGCACTTTACGCTCAGT -
CAGTGAACTCCCCATCGTGCACCGGGACTGGCTCAATGGCAAGACGTTCAAATG-
CAAAGTCAACAGTGGAGCATTCCCTGCCCCCATCGAGAAAAGCATCTCCAAACCC-
GAAGGTGGGAGCAGCAGGGTGTGTGGTGTAGAAGCTGCAGTAGGCCATAGA-
CAGAGCTTGACTTAACTAGACTTAAGGGCGAATTCGCGGCCGCGCGGCCGC

Table S2 migG2a Hinge targeted to mlgG2a-Fc silent — ubiquitin.

Mus musculus strain 12951/SvimJ chromosome 12 genomic scaffold, GRCm38.p4 alternate locus
group 12951/SvimJ 129S1/SVIMJ_MMCHR12_CTG1

Sequence ID: NT_114985.3 Length: 1714434 Number of Matches: 7
CCAGGGACAAAGTCCCTGGTTTGGTGCCTTTTCTCCTTCAAACTTGAGTAACCCCCAGCCTTCTCTCT
GCAGAGCCCAGAGGGCCCACAATCAAGCCCTGTCCTCCATGCAAATGCCCAGGTAAGTCACTAGACCA
GAGCTCCACTCCCGGGAGAATGGTAAGTGCTGTAAACATCCCTGCACTAGAGGATAAGCCATGTACAG
ATCCATTTCCATCTCT (85) TGGAGGACAGGGCTTGATTG TGG

Genomic Sequence and annotated base pair sequence of mlgG2a constant domains. The genomic
annotated basepair sequence and of the IgH locus of murine 1gG2a located on chromosome 12 are
given. The Hinge region is indicated (grey highlight) with splice acceptor and donor sites (underlined,
cursive). The targeted protospacer adjacent motifs (PAMs) for gRNA-6 (yellow, underlined) and gRNA-
2 (red, underlined) are indicated.

PCR4 TOPO sequence

5’HA migG2a ACTAGTGATCCCTGTCCAGTGGTGTGCACACCTTCCCAGCTGTCCTG-
CAGTCTGACCTCTACACCCTCAGCAGCTCAGTGACTGTAACCTCGAG-
CACCTGGCCCAGCCAGTCCATCACCTGCAATGTGGCCCACCCGGCAAGCAG
CACCAAGGTGGACAAGAAAATTGGTGAGGAAAACAAGGGGAGTAGAGGTTCA-
CAAGTGATTAGTCTAAGGCCTTAGCCTAGCTAGACCAGCCAGGATCAGCAGC-
CATCACCAAAAATGGGAACTTGGCCCAGAAGAGAAGGAGATACTGACT -
GTGACTCCCTCTTGGAAACTTCTAACTATGACCACCTACCTTCAAGGTCAT-
GATCCTCTAGGATAGATGTCCTTGTCATTTCCAGGATCATCCTGACCTA-
AGCCCATACCCAGGGACAAAGTCCCTGGTTTGGTGCCTTTTCTCCTTCARACT -
TGAGTAACCCCCAGCCTTCTCTCTGCAGAGCCTAGGGGGCCCACAATCAAGCCCT -
GTCCACCTTGCAARATGTCCT

Fc silent mlgG2a GCCCCAAATGCCGCCGGTGGTCCTAGCGTCTTCATCTTCCCCCCCAAGATTA-
AGGATGTGCTGATGATTTCATTGAGCCCAATTGTCACATGTGTGGTCGTGGATGT -
GTCAGAGGATGACCCTGACGTGCAAATATCTTGGTTTGTAAATAACGTAGAGGTG-
CATACCGCTCAGACTCAGACTCACCGGGAGGACTATGCCAGCACTCTCAGGGTG-
GTCTCCGCACTTCCAATTCAGCACCAGGACTGGATGTCCGGCAAAGAGTTCAAGTG-
TAAAGTCAATAACAAGGATTTGCCCGCACCAATAGAACGGACCATCTCTAAACCTA-
AAGGGAGTGTACGCGCCCCACAGGTTTACGTGCTGCCCCCACCCGAGGAGGAAAT -
GACCAAAAAGCAGGTGACACTCACCTGCATGGTTACCGATTTTATGCCCGAAGA-
CATATATGTTGAGTGGACTAACAACGGGAAGACCGAGCTGAATTATAAAAATAC-
CGAACCCGTTTTGGACTCAGATGGCTCATACTTCATGTACTCCAAACTCCGGG-
TAGAGAAAAAGAACTGGGTTGAAAGAAACAGCTACTCATGCAGCGTGGTGCATGAG-
GGGCTCCACAATCATCATACCACCAAGTCTTTCTCACGGACACCTGGGAAA
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Linker - Ub,

(acceptor)

GGCGGGGGCGGATCCGGGGGAGGCGGAAGTGGGGGCGGAGGCTCCATG-
CAAATTTTCGTTAAGACTCTGACAGGGAAGACTATTACACTGGAGGTTGAGCCAT -
CAGATACGATTGAGAATGTCAAGGCAAAGATACAGGACAAAGAAGGGATACCCCC-
GGACCAACAAAGGCTGATCTTCGCTGGGAAGCAACTGGAAGATGGCCGAACACT -
GAGCGATTATAACATACAAAAGGAGTCTACACTGCATTTGGTTCTGCGCCTTC

IRES Bsr polyA

TCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTGGAATAAGGC -
CGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTG-
GCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTAG-
GGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGT -
GAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGC-
GACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGG-
CCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGC-
CACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCG-
TATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCT -
GATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAAC—
GTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATA-
AATGAAGCCTTTGTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGGCTA-
CAATCAACAGCATCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTC-
TAGCGACGGCCGCATCTTCACTGGTGTCAATGTATATCATTTTACTGGGGGACCTT -
GTGCAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCT -
GACTTGTATCGTCGCGATCGGAAATGAGAACAGGGGCATCTTGAGCCCCTGCG-
GACGGTGCCGACAGGTGCTTCTCGATCTGCATCCTGGGATCAAAGCCATAGT -
GAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCTGCCCTCTG-
GTTATGTGTGGGAGGGCTAACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTT -
GCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTT -
CCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTC-
TATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGA -
CAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATG

3’'HA mligG2a

GGTAAGTCACTAGACCAGAGCTCCACTCCCGGGAGAATGGTAAGTGCTGTAAA-
CATCCCTGCACTAGAGGATAAGCCATGTACAGATCCATTTCCATCTCTCCTCAT-
CAGCACCTAACCTCTTGGGTGGACCATCCGTCTTCATCTTCCCTCCAAAGAT -
CAAGGATGTACTCATGATCTCCCTGAGCCCCATAGTCACATGTGTGGTGGTGGAT ~
GTGAGCGAGGATGACCCAGATGTCCAGATCAGCTGGTTTGTGAACAACGTGGAAG—
TACACACAGCTCAGACACAAACCCATAGAGAGGATTACAACAGTACTCTCCGGGTG-
GTCAGTGCCCTCCCCATCCAGCACCAGGACTGGATGAGTGGCAAGGAGTTCAAAT -
GCAAGGTCAACAACAAAGACCTCCCAGCGCCCATCGAGAGAACCATCT-
CAAAACCCAAAGGTGAGAGCTGCAGCCTGACTGCATGGGGGCTGGGATGGGCATA-
AGGATAAAGGTCTGTGTGGACAGC

GCGGCCGC
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Table S3 Rat IgG2a intron targeted to mlgG1-ubiquitin. Isotype donor constructs for HDR introducing
synthetic exon. Table displays sequences of each feature of donor constructs used to change the isotype
of rat 1IgG2a hybridomas to mlgG1 fused to Ubiquitin with a HIS tag. The gRNA-ISO and sequences of
5’ HA, IRES-Bsr-PolyA and 3’ HA of the HDR plasmid are previous published?®:.
Sequence

5’HA rlgG2a AGAAAGATCTGAGTAGAACCAAGGTAAAAAGTGTGGGTAAAAACACATGTTCA-
CAGGCCTGGCTGACATGATGCTGGGCACGTATGGAGGCARAGTCAAGAGGGCAGT -
GTAAGGGCCAGAAGTGAATCCTGACCCAAGAATAGAGAGTGCTAAACCTACG-
TAGATCGAAGCCAACTAAAAAGACAAGCTACAAAACGAAGCTAAGGCCAGA-
GATCTTGGACTGTGAAGAGTTCAGAGAACCTAGGATCAGGAACCATTAGTAA-
CAGGCCAAGGAAGATAGAAGCTGCCTAGGACTTGGCAAGAGCCAACATGGTTG-
GACTGGAAAAGAAAGGAGGAGACAGAAGACAGGAGAGATGTGCCAACTT-
GATTTTGGGCTTCACTGTTGTCCATACTGTGTGCAGCCATATGGCCCACAGATAA
CAGGTTTAGCCGAGGAACACAGATACCCACATTGGACAATGGTGGGGGAACA-
CAGATACCCATACTACAGGGCTCTTTAGGGCATTTCCTGAAAGTGTACTAG-
GAGTGGGACTGGGCTCAAAGGGATTAGGTGTGATCTGGCCTGGTGAGGCT -
GACATTGGCAAGCCCAATGGTTGGGTGTTGCCTCCTCCATGT

Splice Acceptor GCTAGCgatcgcaggcgcaatcttcgecatttecttttttccag

mlgG1l CAAAGACCACACCACCTTCTGTGTACCCACTCGCACCAGGCAGCGCCGCTCAAAC-
CAACAGTATGGTGACCTTGGGGTGTCTTGTGAAGGGCTACTTTCCCGAGCCCGT -
TACCGTCACCTGGAACTCCGGGTCTCTCTCAAGCGGCGTTCACACCTTCCCCGC-
CGTACTGCAATCAGACCTCTATACCCTGTCTTCCAGCGTCACTGTACCCAGTTC-
CACCTGGCCCAGTGAAACTGTCACATGTAATGTCGCACACCCAGCTTCCTCCAC-
CAAAGTGGACAAAAAGATCGTGCCTAGGGACTGTGGATGCAAGCCATGTATCT -
GCACTGTCCCCGAGGTTTCAAGTGTATTTATCTTCCCCCCAAAGCCCAAAGAT -
GTCCTCACCATAACACTCACACCCAAGGTGACCTGCGTGGTGGTCGATATCAG-
TAAAGATGACCCCGAGGTCCAATTCAGCTGGTTTGTGGATGATGTAGAGGTCCA-
CACTGCTCAGACTCAGCCACGGGAAGAGCAGTTTAACTCAACATTTCGGAGTGT -
GTCCGAACTGCCAATCATGCACCAAGATTGGCTCAATGGGAAAGAATTCAAATG-
CAGGGTGAATAGTGCCGCCTTTCCTGCACCAATAGAGAAAACCATATCAAAGA-
CAAAGGGCAGGCCCAAGGCCCCTCAAGTCTATACTATACCTCCACCCAAGGAG-
CAAATGGCTAAAGATAAGGTAAGCCTCACCTGCATGATCACAGATTTTTTCC-
CAGAAGACATAACTGTCGAATGGCAATGGAACGGCCAACCTGCAGAAAAT -
TACAAGAATACTCAGCCTATTATGGACACCGATGGCAGCTACTTCGTG-
TATTCAAAACTGAACGTACAGAAATCTAATTGGGAAGCAGGGAATACATTCACAT -
GCTCTGTGTTGCATGAAGGGCTCCATAACCACCACACTGAAAAGAGCTTGAGC-

CACTCTCCCGGAAAG
Unker_mew_ CGTACGGGAGGTGGCGGTTCCGGGGGAGGTGGATCTGGAGGGGGCGGAAGTG
His GCGGTGGTGGATCAATGCAAATATTCGTAAAGACTCTGACCGGGAAAACCATTA-

10x CACTTGAAGTGGAGCCGTCAGACACGATTGAGAATGTTAAGGCTAAGATTCAG-

GACAAGGAAGGTATCCCGCCAGACCAACAACGCCTGATCTTCGCCGGACGA-
CAATTGGAGGATGGTAGGACTTTGAGCGATTACAACATACAGAAAGAATC-
TACTCTTCATTTGGTATTGCGGCTGAGGGGCGGGCATCACCATCATCACCATCAC-
CACCACCATTGAGTCGACGTCGAG

(Donor)
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IRES Bsr polyA GCCCCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTG-
GAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCC -
GTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAG-
CATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAAT -
GTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTG-
TAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGC -
GGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGT -
GCCACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCT -
CAAGCGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTG-
TATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGT TTAGTC -
GAGGTTAAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTT -
GAAAAACACGATGATAATATGGCCACAGAATTCGCCACCATGGCCAAGCCTTT -
GTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGGCTACAATCAACAG-
CATCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTCTAGCGAC
GGCCGCATCTTCACTGGTGTCAATGTATATCATTTTACTGGGGGACCTTGTG
CAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCTGACT T~
GTATCGTCGCGATCGGAAATGAGAACAGGGGCATCTTGAGCCCCTGCGGACG
GTGCCGACAGGTGCTTCTCGATCTGCATCCTGGGATCAAAGCCATAGTGAAGGA-
CAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCTGCCCTCTGGT -
TATGTGTGGGAGGGCTAAGTACTAGTCGAGTGTGCCTTCTAGTTGCCAGCCATCT -
GTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACT -
GTCCTTTCCTAATAAAATGAGGARATTGCATCGCATTGTCTGAGTAGGTGTCATTC -
TATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAG
CAGGCATGCTGGGGATGCGGTGGGCTCTATGGAGATCT

3’HA rlgG2a TGTACAACTTGGGGAGGGTACAAAATGGAGGACTTGTAGGAGCTTGGGTC -
CAGACCTGTCAGACAAAATGATCACGCATACTTATTCTTGTAGCTGAAACAA-
CAGCCCCATCTGTCTATCCACTGGCTCCTGGAACTGCTCTCAAAAGTAACTC-
CATGGTGACCCTGGGATGCCTGGTCAAGGGCTATTTCCCTGAGCCAGTCACCGT -
GACCTGGAACTCTGGAGCCCTGTCCAGCGGTGTGCACACCTTCCCAGCTGTCCT -
GCAGTCTGGACTCTACACTCTCACCAGCTCAGTGACTGTACCCTCCAGCACCTG-
GTCCAGCCAGGCCGTCACCTGCAACGTAGCCCACCCGGCCAGCAGCACCAAGGTG-
GACAAGAAAATTGGTGAGAGAACAACCAGGGGATGAGGGGCTCACTAGAG-
GTGAGGATAAGGCATTAGATTGCCTACACCAACCAGGGTGGGCAGACATCAC-
CAGGGAGGGGGCCTCAGCCCAGGAGACCAAAAATTCTCCTTTGTCTCCCTTCTGGA-
GATTTCTATGTCCTTTACACCCATTTATTAATATTCT

Table S4 Recombinant ubitagged Fab fragments produced by Genscript. Table displays protein
sequence of recombinant constructs used. Clone TA99 is directed against Tryp-1 and clone 145-2C11
is against mCD3.

Sequence

IgH chain TA99 MGWSCIILFLVATATGVHSEVQLOQSGAELVRPGALVKLSCKTSGFNIKDY -
FLHWVRQRPDQGLEWIGWINPDNGNTVYDPKFQGTASLTADTSSNTVYLOLS -
GLTSEDTAVYFCTRRDYTYEKAALDYWGQGTTVIVSTAKTTAPSVYPLAPVC-
GDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLQSDLYTLSSS-
VTVTSSTWPSQSTTCNVAHPASSTKVDKKI

) ) GGGGSGGGGSGGGGSMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIP-
Linker-ubi PDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR

His-tag HHHHHH*
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IgL chain TA99

MGWSCIILFLVATATGVHSDIQMSQSPASLSASVGETVTITCRASGNIYNYL-
AWYQQOKQGKSPHLLVYDAKTLADGVPSRFSGSGSGTQYSLKISSLQTEDS -
GNYYCQHFWSLPFTFGSGTKLEIKRADAAPTVSIFPPSSEQLTSGGASVVC-
FLNNEYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEY -
ERHNSYTCEATHKTSTSPIVKSEFNRNEC*

IgH chain 145-2C11

Linker-Ubden

His-tag

MGWSCIILFLVATATGVHSEVQLVESGGGLVQPGKSLKLSCEASGEFTFS-
GYGMHWVRQAPGRGLESVAYITSSSINIKYADAVKGRFTVSRDNAKNLL -
FLOMNILKSEDTAMYYCARFDWDKNYWGQGTMVTVSSAKTTAPSVYPLAPVC-
GDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLQOSDLYTLSSS-
VIVTSSTWPSQSITCNVAHPASSTKVDKKI

GGGGSGGGGSGGGGSMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIP-
PDQORLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG

HHHHHH*

IgL chain 145-2C11

MGWSCIILFLVATATGVHSDIQMTQSPSSLPASLGDRVTINCQASQDISNYL-
NWYQOKPGKAPKLLIYYTNKLADGVPSRFSGSGSGRDSSFTISSLESEDIG-
SYYCQOYYNYPWTFGPGTKLEIKRADAAPTVSIFPPSSEQLTSGGASVVC-
FLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEY -
ERHNSYTCEATHKTSTSPIVKSEFNRNEC

Table S5 Statistics for figure 3 and supplemental figure 7 and 8. ****P<0.0001, ***P<0.001, **P<0.01,

*P<0.05 and ns= non-signific

ant in a One-way ANOVA followed by Tukey post-hoc test.

KPC3-TRP1 cells

Conjugated TRPImAb x mCD3Fab vs. the unconjugated TRPImAb and mCD3Fab
Conc. (ug/mL) 0.0001 0.001 0.01 0.1 1
Ki67 0.9997, ns >0.9999, ns 0.7607, ns <0.0001, **** <0.0001, ****
GzmB >0.9999, ns >0.9999, ns >0.9999, ns 0.2771, ns <0.0001, ****
CD69 >0.9999, ns >0.9999, ns 0.331, ns <0.0001, **** <0.0001, ****
4-1BB >0.9999, ns >0.9999, ns 0.8061, ns <0.0001, **** <0.0001, ****
LDH 0.7266, ns 0.6012, ns >0.9999, ns 0.0037, ** <0.0001, ¥***

KPC3 cells

Conjugated TRPImAb x mCD3Fab vs. the unconjugated TRPImAb and mCD3Fab
Conc. (pg/mL) 0.0001 0.001 0.01 0.1 1
Ki67 0.2068, ns 0.8187, ns 0.9917, ns 0.9991, ns 0.0337, *
GzmB >0.9999, ns >0.9999, ns >0.9999, ns 0.9991, ns 0.9852, ns
CD69 >0.9999, ns >0.9999, ns >0.9999, ns >0.9999, ns <0.0001, ****
4-1BB >0.9999, ns >0.9999, ns >0.9999, ns >0.9999, ns <0.0001, ****
LDH 0.5391, ns 0.7981, ns 0.5747, ns 0.9998, ns 0.9991, ns

KPC3-TRP1 cells

Conjugated mCD3mAb x TRP1Fab vs.

the unconjugated mCD3mAb and TRP1Fab

Conc. (ug/mL) | 0.0001 0.001 0.01 0.1 1

Ki67 >0.9999, ns 0.9999, ns 0.7703, ns <0.0001, **** | <0.0001, ****
GzmB >0.9999, ns >0.9999, ns >0.9999, ns 0.0209, * <0.0001, ¥¥¥*
CD69 >0.9999, ns >0.9999, ns 0.9987, ns <0.0001, **** | <0.0001, ****
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4-1BB >0.9999, ns >0.9999, ns >0.9999, ns <0.0001, **** [ <0.0001, ¥***
LDH 0.8808, ns 0.2477, ns 0.2104, ns 0.0002, *** <0.0001, **%*
KPC3 cells
Conjugated mCD3mAb x TRP1Fab vs. the unconjugated mCD3mAb and TRP1Fab
Conc. (ug/mL) | 0.0001 0.001 0.01 0.1 1
Kie7 >0.9999, ns >0.9999, ns 0.3557, ns >0.9999, ns >0.9999, ns
GzmB >0.9999, ns >0.9999, ns 0.9997, ns 0.9447, ns >0.9999, ns
CD69 >0.9999, ns 0.9878, ns >0.9999, ns 0.9183, ns 0.1305, ns
4-1BB >0.9999, ns 0.9862, ns >0.9999, ns 0.9966, ns 0.3262, ns
LDH >0.9999, ns 0.9439, ns 0.9547, ns 0.7421, ns 0.4074, ns
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Abstract

Targeted dendritic cell (DC) vaccination enhances antigen uptake and presentation,
leading to more robust T cell responses against specific pathogens or tumor cells. In this
study, we explored ubi-tagging as a promising conjugation technique for DC-targeted
antigen delivery and compared its efficacy with that of the established sortagging
method. We engineered the NLDC-145 hybridoma using the CRISPR/HDR platform to
produce anti-mDEC205 Fab fragments fused to either a donor Ubi-tag or a sortag motif.
We proceeded to conjugate the Fab fragments to the ovalbumin antigenic peptide
SIINFEKL (OVAp) using ubitagging or sortagging respectively. In vitro assessments
revealed that the ubitagged conjugates induced significantly higher levels of T cell
activation markers and cytokine secretion compared to their sortagged counterparts.
Encouraged by these results, we further evaluated the in vivo efficacy of both
conjugates. Mice treated with ubi-tagged conjugates displayed a strong OT-I cell
proliferation response, whereas sortagged conjugates showed minimal proliferation
induction at this concentration. Biodistribution studies indicated that the ubi-tagged
conjugates were preferentially taken up by CD1lc+ dendritic cells, suggesting that
this enhanced uptake contributes to improved T cell activation. Overall, our findings
demonstrate the feasibility of ubi-tagging for DC-targeted antigen delivery, highlighting
its potential advantages over traditional methods and its promise for future therapeutic
applications.

Introduction

Dendritic cell (DC)-based immunotherapy has emerged as a promising approach to
harness the immune system'’s capacity to target and eliminate cancer cells.! DCs are
professional antigen-presenting cells that play a central role in linking innate and
adaptive immunity by capturing, processing, and presenting antigens to T cells.>?
Through this interaction, DCs can initiate a potent anti-tumor immune response by
presenting antigenic peptides on major histocompatibility complex (MHC) molecules
to T cell receptors (TCRs) on both CD4+ helper and CD8+ cytotoxic T cells.**> Moreover
they provide co-stimulatory signals which strengthen the TCR mediated signals. This
recognition process triggers the differentiation and proliferation of T cells, leading to
targeted destruction of tumor cells and the secretion of cytokines that amplify the
immune response.®®
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Traditionally, DC-based vaccines are generated by isolating DCs from a patient’s
blood, loading them with tumor antigens ex vivo, and reinfusing them back into the
patient to stimulate a tumor-specific T cell response.’®*? Since antigen presentation
is highly dependent on the patient’s unique HLA molecules (both MHC-I and MHC-II),
using autologous DCs ensures compatibility and avoids the risk of immune rejection
or suboptimal activation.’®*® However, this ex vivo cellular therapy method is labor-
intensive, time-consuming, and difficult to standardize, making it challenging for
widespread clinical application.’> To overcome these limitations, in vivo strategies
have been developed to directly target DCs within patients, bypassing the need for
cell isolation and manipulation. These approaches include the use of nanoparticles,
liposomes, mRNA, and synthetic peptides for antigen delivery.X**1¢ Additionally,
antibodies that specifically bind to DC surface receptors have shown great potential for
enhancing targeted delivery and improving T cell activation.’-2

Among DC-specific targets, the C-type lectin receptor DEC205 (CD205) is of particular
interest for DC targeted therapies, due to its specific expression on murine myeloid
DCs.? Targeting DEC205 with antibodies facilitates receptor-mediated endocytosis
and subsequent antigen presentation, making it an attractive target for DC-focused
vaccination strategies.?®*?* Furthermore, targeted DC vaccination has been shown to
promote cross-presentation—a unique process where DCs can present extracellular
antigens on MHC-I molecules, which are typically used for presenting intracellular
antigens.?””?* This ability enables DCs to simultaneously activate both CD4+ helper T
cells (via MHC-II presentation) and CD8+ cytotoxic T cells (via MHC-I presentation),
leading to a stronger and more coordinated anti-tumor response.?

For effective DC targeting, peptide antigens need to be stably and specifically
conjugated to antibodies that bind to DC surface receptors. However, current antigen-
antibody conjugation methods, such as thiol-based strategies, often result in conjugates
with inconsistent antigen-to-antibody ratios and reduced binding affinity due to non-
specific attachment.?> More sophisticated approaches, such as recombinant fusion
expression or site-specific chemo-enzymatic ligation (e.g., sortagging), have been
developed to address these issues.!” Although these techniques offer better conjugation
efficiency and maintain antibody functionality, they require additional reagents and
complex purification steps, which can lower yields and complicate production processes.

To address these limitations, we used the ubi-tagging technology for the
development of antibody-peptide conjugates for DC targeted vaccination. We used the
anti-DEC205 antibody-producing hybridoma cell line NLDC-145, and engineered it to
secrete monovalent Fab fragments fused to a donor ubi-tag. This donor ubi-tag was then
subsequently used for conjugation to a fully chemically synthesized acceptor-ubitag
carrying the ovalbumin-derived antigenic peptide SIINFEKL (OVAp) at its C-terminus. For
comparison, we also generated conjugates using the same OVAp peptide fused to the
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sortag motif through its respective conjugation enzymes. This design ensures precise
site-specific conjugation and maintains the antibody’s binding affinity for DEC205.
Furthermore, using monovalent Fab fragments minimizes non-specific uptake via Fc
receptors and enhances tissue penetration.

In this study, we evaluated the effectiveness of ubi-tagged and sortagged conjugates
in terms of their ability to activate T cells and in vivo biodistribution. Our findings
demonstrated that the ubi-tagged conjugates significantly enhanced T cell activation
markers and cytokine secretion compared to the sortagged versions. Biodistribution
studies revealed that the ubi-tagged conjugates were more selectively taken up by
CD11c+ DCs in the spleen, which express DEC205, while the sortagged conjugates,
despite using the same anti-DEC205 Fab fragment, were more frequently taken up by
CD11b+ cells (likely macrophages, which do not express DEC205) and other splenocytes.
The anti-DEC205 Fab ubiquitin conjugates showed therefore high target specificity. This
differential uptake may be explained by variations in the solubility and aggregation
tendencies of the two conjugates, which could affect their distribution and cellular
interactions in vivo.

We hypothesize that the enhanced solubility and stability of ubi-tagged conjugates
contribute to their improved targeting efficiency and T cell activation. Given these
advantages, our platform has the potential to support the development of personalized
DC-targeted vaccines incorporating multiple patient-specific tumor neoantigens. Such
vaccines could enhance therapeutic efficacy by addressing the diverse mutational
landscape and heterogeneity of tumors, thus paving the way for improved cancer
immunotherapy strategies.

Results

Ubi-tagging for DC-targeted antigen delivery induces T cell activation in vitro

We explored ubi-tagging as a conjugation technique for dendritic cell (DC)-targeted
antigen delivery and compared it to the alternative state-of-the-art chemoenzymatic
conjugation technique, sortagging®®?’. To compare ubi-tagged-based and sortagged-
based DC-targeted antigen delivery, we modified the NLDC-145 hybridoma using
the CRISPR/HDR platform to produce anti-mDEC205 Fab fragments either linked to
a Ub(K48R)% -tag (Fig. 1la)or containing the LPESGG sortag-motif (Fab-Srt)®?°. We
selected the well-studied model ovalbumin epitope SIINFEKL (OVAp, OVA,. )"
which was attached to the C-terminus of either ubiquitin (Uba“-OVAp) or a triglycine
motif, via solid-phase peptide synthesis, with or without the FR-motif (Fig. 1b). This
dipeptide motif was reported to enhance proteasome dependent cross-presentation for
antigens delivered using NLDC-145 mAb?Y. After conjugation and purification, the OVAp
conjugates (Fig. 2a and Supplementary Fig. S1) were tested for their ability to induce
antigen cross-presentation by DCs, as measured by their ability to activate SIINFEKL-
specific CD8* OT-I T cells in vitro (Fig. 2b). We observed high levels of activation markers
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CD25, 4-1BB and CD44 on OT-l cells, as well as secretion of the pro-inflammatory
cytokines interferon y (IFNy) and interleukin-2 (IL-2) in the Fab—sz-OVAp conditions,
irrespective of the presence of the FR-motif (Fig. 2c-e and Supplementary Fig. S2). For
the sortagged conjugates, the FR-motif appears crucial for T cell activation, consistent
with earlier work?’. The observed expression levels of activation markers and cytokine
secretion suggest a more potent T cell activation by the Fab-sz-OVAp conjugates
compared to the Fab-Srt-OVAp conjugates in vitro irrespective of the FR-motif (Fig. 2c-e).
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Figure 1| Ubi-tag conjugation of Fab-Ub" to Ub’“‘“—OVAp (a) Schematic representation of ubi-
tag conjugation of DEC205 Fab-Ub®" to chemically synthesized acceptor ubiquitin of which
ovalbumin(257-264) peptide is attached to the C-terminus (Ub“c—OVAp). (b) Non-reducing SDS-PAGE
analysis of the conjugation of Fab-Ub®" to either Ub*“FR-OVA or Ub*“-OVA . The generated conjugates

were isolated from the reaction mixture and the purity assessed using ESI-TOF mass spectrometry.

Ubi-tagged Fab-OVAP conjugates targeting DCs result in potent T cell activation in vivo
Encouraged by these results, we evaluated the ability of both Fab-sz—OVAp and Fab-
Srt-FR-OVA_ conjugates to induce OT-l activation in vivo. The day after adoptive transfer
of CellTrace Violet (CTV)-labeled OT-I cells, mice were injected with a low dose (5 pmol,
+12.5 ng/g + 10 ug LPS) of either conjugated anti-DEC205 Fab-UbZ—OVAp, Fab-Ub,-FR-
OVAp, Fab-Srt-FR-OVAp, or a combination of unconjugated Fab-Ub(K48R)%" and Ub?«-
OVApor Uba‘“—FR-OVAp (Fig. 2a). Two days after vaccination we evaluated the progressive
dilution of CTV in the OT-I cells in the spleens and inguinal lymph nodes (Fig. 2b,c and
Supplementary Fig. S3). We observed strong OT-I cell proliferation in the mice treated
with the ubi-tagged conjugates, whereas the sortagged conjugate induced minimal
OT-I proliferation at the dose used in this experiment. The ubi-tagged conjugates also
induced stronger proliferation compared to the conditions in which unconjugated
Fab-Ub and Ub-OVAps were given. This demonstrates the benefit of ubi-tagging of the
targeting moiety, as well as the stability of the Fab-Ub, conjugates in vivo.
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Figure 2| Fab-sz-OVAp conjugates elicit potent T cell responses in vitro. (a) Schematic representation
of anti-mDEC205 vaccine conjugates used in this experiment; Fab—sz—FR—OVAp, Fab—sz—OVAp, Fab-
Srt—FR—OVAp, and Fab—Srt—OVAp. (b) Schematic overview in vitro OT-I cell activation assay. GM-CSF
BMDCs were generated and pulsed for 2 h. with 10-100-1000 nM vaccine conjugates or 1000 nM
control conditions and 0.3 pg/mL LPS. Sequentially, OT-I cells were added in 1:5 ratio and incubated
for 3 days. Cells were analyzed using flow cytometry and supernatant was collected for ELISA analysis.
(c,d) Flow cytometry analysis of OT-I cells. Data (n = 4) are shown as normalized MFI to positive control
+SD for CD25 (c) and 4-1BB (d). Paired T tests, **¥P<0.01, *P<0.05. Full statistical analysis is provided in
supplementary table S1. (e) ELISA analysis (n = 4) for IFNy. Data are shown as mean +SD normalized to
positive control. Paired T tests, **P<0.01, *P<0.05. Full statistical analysis is provided in supplementary

table S1.

Biodistribution of ubi-tagged conjugates compared to sortagged conjugates

To gain insight into the observed differences in vaccine efficacy, we synthesized Fab-Ub,-
K(DOTA—GA)-FR—OVAp and Fab-Srt-K(DOTA-GA)—FR-OVAp (Fig. 4a), which differ molecularly
only in the linker type (ubi-tag vs sortag). Having these chelator-functionalized targeted
vaccinesin hand, we labeled them with radioactive !In and injected mice with the same
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Figure 3| Fab-sz-OVAp conjugates elicit potent T cell responses in vivo. (a) Schematic overview of in
vivo OT-I cell activation assay. Mice (C57BL/6) received 1e6 CTV-labeled OT-I cells on day 0, followed
by 5 pmol vaccine conjugate + 10 pg LPS on day 1. Spleens were harvested on day 3. (b) Division
index obtained by flow cytometry analysis (n = 4) of OT-I cells isolated from spleen. Data are shown as
mean +SD. Unpaired T tests, p-values are noted in figure ****P<0.0001, **P<0.01. (c) Representative
histograms of OT-I cell proliferation in spleen.

dose used for the vaccination experiments (5 pmol, +12.5 ng/g vaccine + 10 ug LPS).
Blood samples were taken over time until 24 hours post injection, at which point the
biodistribution was determined. The blood clearance kinetics (Ub: fast t,,:12.09 min.,
slow t,,: 139 min,, Srt: fast t,,: 10.16 min, slow t,,:88.79 min.) for the targeted vaccines
are not significantly different (P=0.1179, F-test) (Fig. 4b and Supplementary Table S2a).
A slightly higher concentration in the blood is observed at later time points for the ubi-
tagged vaccine compared to the sortagged derivative, which we do not expected to be
biologically relevant. The biodistribution data indicates that the ubi-tagged conjugate
(molecular weight ~66 kDa) is primarily cleared via the liver and the sortagged conjugate
(molecular weight ~52 kDa) through renal clearance (Fig. 4c and Supplementary Table
S2b). This is in line with the molecular weight cutoff for glomerular filtration of 30—
50 kDa*. The remaining biodistribution data is very similar, with the exception of the
higher uptake of the sortagged conjugate observed in the inguinal lymph node. To
assess differences in cellular uptake within the spleen, different cell populations where
isolated from the splenocytes, followed by measurement of the radioactivity in these
isolated populations (Fig. 4d and Supplementary Table S2c). Interestingly, although the
conjugates are equipped with the same DEC205-targeting Fab fragment, the ubi-tagged
conjugate was more specifically taken up by the CD11c* “dendritic cell” population,
compared to the sortagged conjugate. The latter was taken up by the CD11¢/CD11b*
population to a significantly higher degree. These data demonstrate superior in vivo
target cell engagement of the ubi-tagged DC targeted vaccines, which helps explain the
difference between the two conjugates in their ability to induce antigen-specific CD8" T
cell activation in the spleen (Fig. 3).
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These results, together with the in vivo functionality of the anti-DEC205 Fab-Ub,-
OVAp conjugates, demonstrate the feasibility of ubi-tagging as conjugation technique
for DC-targeted antigen delivery, highlight the potential of ubi-tagging compared to
the current state-of-the-art and provide a positive outlook for the use of ubi-tagged
conjugates for other in vivo therapeutic applications.
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Figure 4| Blood clearance analysis of [**!In]In Fab-UbZ-K(DOTA-GA)-FR-OVAp (purple) versus [**!In]
In Fab-Srt-K(DOTA-GA)-FR-OVAp (orange). (a) Schematic illustration of synthesis site-specific labeled
DOTA-GA-conjugates. (b) Blood clearance analysis of [**In]in Fab-Ub,-K(DOTA-GA)-FR-OVAp vs. [**In]
In Fab-Srt-K(DOTA-GA)-FR-OVAp. Data is depicted as mean percentage injected dose per gram (%ID/g)
at several time-points with a two-phase decay curve fit (R%= 0.9640 for Ub-conjugate, R?>= 0.9507 for
Srt-conjugate). F-testing indicates no significant differences between the two curve fits (P = 0.1187).
The calculated fast t, , for the Ub-conjugate is 12.09 min. and for the Srt-conjugate is 10.16 min. The
calculated slow t, , for the Ub-conjugate is 139.0 min and for the Srt-conjugate is 88.79 min. (c) Mice

80



Targeted Dendritic Cell vaccination through ubi-tag-based peptide delivery

(C57BL/6) were injected with 5 pmol *In-labeled Fab-Ub_-K(DOTA-GA)-FR-OVAp or Fab-Srt-K(DOTA-
GA)-FR-OVAp + 10 ug LPS. Biodistribution was determined ex vivo 24 hours after injection (n =4). Values
are presented as percentage injected dose per gram (%1D/g). Data are shown as mean +SD. Unpaired
T tests, p-values are noted in figure. ¥***P<0.0001, ***P<0.001 **P<0.01, *P<0.05, ns P>0.05. (d) The
spleens from (c) were dissociated and subsequently the CD11c* and CD11b* populations were isolated
using MACS from the splenocytes, after which the radioactivity in all fractions was measured. Values
are presented as percentage injected dose per cell (%ID/cell). Data are shown as mean +SD. Unpaired

T tests, p-values are noted in figure. ***P<0.001, **P<0.01, *P<0.05.

Discussion

In this work we explore the significance of ubi-tagging in the field of targeted antigen
delivery. We also demonstrate the benefit of ubi-tag conjugation compared to the
state-of-the-art ligation technique sortagging on potency to activate T cells in vitro and
in vivo. Comparative blood clearance, biodistribution and in vivo target cell engagement
data reveal that the ubi-tagged DC-targeted vaccines are more selectively taken up by
DCs in the spleen, and show a higher on-target effect where they predominantly target
DCs and not CD11b+ cells (presumably macrophages). However, the sortagged vaccine
equipped with the same anti-DEC205 Fab fragment, was observed to be taken up by
CD11b* cells and other splenocytes showing a higher off-target effect. Differences in
solubility and propensity to aggregation could be an explanation for this observation,
but remains to be verified. The redundancy of the proteasomal cleavage FR-motif in
these experiments hints towards different intracellular routing and processing, possibly
by deubiquitinating enzymes. An alternative explanation could be that proteasome
targeting is induced by the K48-linked di-ubiquitin. K48 tetra-ubiquitination is a
well-known signal for proteasomal degradation. Yet, shorter ubiquitination-motifs
also signal for proteasomal degradation3"*. Follow-up studies will focus on further
elucidation of the observed benefit in efficacy of ubi-tagged conjugates and will expand
the use of ubi-tagging for targeted antigen delivery.

In summary, ubi-tagging provides a fast, efficient, and modular technique to
generate well-characterized antibody conjugates of a wide variety of formats and
combinations. Furthermore, significant improvements in T cell activation are observed
when utilizing ubi-tagging as platform for antigen delivery compared to current state-of-
the-art conjugation techniques. We expect the widespread adoption of this conjugation
technique and its contribution to improving and developing protein conjugates, in
particular antibody conjugates for preclinical research, diagnostic, and therapeutic
applications.

Methods

General cell culture conditions

The hybridoma cell line NLDC-145 (ATCC HB-290) was modified for the stable expression
of ubi-tagged antibodies or antibody fragments. Other cell lines used in this study were
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EL4 (kindly provided by dr. Jacques Neefjes (LUMC, The Netherlands). The cell line NLDC-
145 was cultured in Iscove’s modified Dulbecco’s medium (IMDM) (Gibco) supplemented
with 7.5% fetal calf serum (FCS, Greiner). The cells were maintained at 37 °C and 5%
CO,, routinely examined by morphology analysis and tested for mycoplasma.

Cloning of CRISPR-Cas9 and donor constructs

The genomic sequence of the rlgG2a heavy chain locus was identified via the Ensembl
rate genome build Rnor_6.0 and used for the design of the different HDR donor
templates. gRNA for the rlgG2a constructs were previously described; for Hinge
HDR constructs, gRNA-H, GACTTACCTGTACATCCACA, Addgene 124808; for isotype
switch, gRNA-ISO (TGTAGACAGCCACAGACTTG, Addgene 124811) and ordered as
single-stranded oligos from Integrated DNA Technologies (IDT) with the appropriate
overhangs for cloning purposes. The oligos were phosphorylated with T4 PNK enzyme
by incubation at 37 °C for 30 minutes and annealed by incubation at 95 °C for 5 minutes
followed by gradually cooling to 25 °C using a thermocycler. The annealed oligos were
cloned into the plasmid pSpCas9(BB)-2A-Puro (PX459), which was obtained as gifts from
F.Zhang (Addgene plasmids 62988)%*. Synthetic gene fragments containing homologous
arms and desired insert were obtained via Twistbioscience and cloned into the PCR4
TOPO TA vector (Thermo Fisher Scientific). All CRISPR-Cas9 and HDR constructs were
purified with the NucleoBond Xtra Midi Kit (740410.100, Machery-Nagel) according to
the manufacturer’s protocol.

Hybridoma nucleofection with HDR and CRISPR-Cas9

Nucleofection of the HDR template and CRISPR-Cas9 vectors was performed with
Cell Line Nucleofector Kit R (Lonza, VCA-11001) nucleofector 2b device. Before
nucleofection hybridoma cells were assessed for viability and centrifuged (90g, 5
minutes), resuspended in PBS supplemented with 1% FBS and centrifuged again (90g,
5 minutes). 1x10°ells were resuspended in 100 pL Nucleofector medium with 1 ug
of HDR template and 1 pg of CRISPR-Cas9 vectors or 2 pug of GFP vector (control) and
transferred to cuvettes for nucleofection with the 2b Nucleofection System from Lonza
(Program X001). Transfected cells were transferred to a 6-well plate in 4 mL of pre-
warmed complete medium. The following day the cells were transferred to a 10 cm
petridish in 10 mL of complete medium, supplemented with 10-20 pug/mL of blasticidin
(Invivogen, anti-bl-05). Antibiotic pressure was sustained until GFP-transfected
hybridomas were dead and HDR transfections were confluent (typically between day
10-14). Cells were subsequently clonally expanded by seeding the hybridomas in 0.3
cells/well in round-bottom 96-well plates in 100 uL of complete medium. After one-
two weeks, supernatant from wells with a high cell density were obtained for further
characterization and selected cloned were expanded.
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Ubi-tag conjugation reaction

Ubi-tag conjugation reactions were carried out using 20 uM of aDEC205 Fab-Ubdr
and 100 uM of Ub"’“-OVAp in the presence of 0.25 uM E1 enzyme, 20 uM E2/E3 hybrid
enzyme, 10 mM MgCIz’and 5 mM ATP in PBS. For analysis of the reaction efficiency by
SDS-PAGE, an initial reaction sample was taken from the reaction mixture prior to the
addition of ATP. After the addition of ATP, the reaction was incubated at 37 °C for 30
minutes while shaking. Conjugation reaction samples were analyzed by quenching 2-5
pL of the reaction mixture in sample buffer and run in non-reducing conditions on 4-12%
Bis-Tris gels (Invitrogen) by SDS-PAGE with MOPS as running buffer. Gels were stained
using InstantBlue Coomassie Protein Stain (abcam) and imaged using Amersham600.
Small-scale reactions were carried out on a scale corresponding to 2.5 pg ubi-tagged
antibody fragments, while large-scale reactions were carried out on a 200 ug to 1 mg
scale. Ubi-tagged Fab conjugates were purified from the reaction mixture by protein G
affinity purification using a HiTrap Protein G HP column (GE Life Science) according to
the manufacturer’s protocol. The elution fractions containing purified conjugates were
pooled, dialyzed against PBS, and concentrated using a 10 kDa Amicon Ultra centrifugal
filter unit (Millipore). The purity of the ubi-tagged conjugates was assessed by SDS-
PAGE and high-resolution mass spectrometry on a Waters Acquity H-class UPLC with
XEVO-G2 XS Q-TOF mass spectrometer.

Solid-phase peptide synthesis

Solid-phase peptide synthesis (SPPS) of Rho-Ub was performed on a Syro Il Multisyntech
Automated Peptide synthesizer (SYRO robot; Part Nr: SO02PS002; MultiSyntech GmbH,
Germany) on a 25 umol scale using standard 9-fluorenylmethoxycarbonyl (Fmoc) based
solid phase peptide chemistry. It was synthesized based on the procedure described
by El Oualid et al.** using a fourfold excess of amino acids relative to pre-loaded Fmoc
amino acid trityl resin (between 0.17 and 0.20 mmol/g, Rapp Polymere, Germany). All
synthetic products were purified by RP-HPLC on a Waters preparative RP-HPLC system
equipped with a Waters C18-Xbridge 5 um OBD (10 x 150 mm) column. The purified
products were lyophilized and assayed for purity by high resolution mass spectrometry
on a Waters Acquity H-class UPLC with XEVO-G2 XS Q-TOF mass spectrometer and by
SDS-PAGE analysis.

Mass spectrometry

Mass spectrometry analysis was carried out on Waters ACQUITY UPLC-MS system
equipped with a Waters ACQUITY Quaternary Solvent Manager (QSM), Waters ACQUITY
FTN AutoSampler, Waters ACQUITY UPLC Protein BEH C4 Column (300 A, 1.7 um, 2.1
x 50 mm) and XEVO-G2 XS QTOF Mass Spectrometer (m/z = 200-2500) in ES+ mode.
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Sample were run using 2 mobile phases: A = 1% MeCN, 0.1% formic acid in water and
B = 1% water and 0.1% formic acid in MeCN with a runtime of 14 minutes. In the first
4 minutes, salts and buffer components were flushed from LC column using 98% A and
2% B. In the next 7.5 minutes, a gradient of 2-100% B was used, followed by 0.5 minutes
of 100% B and subsequent reduction to 2% B and 98% A in 2 minutes. Data processing
was performed using Waters MassLynx Mass Spectrometry Software 4.1, where the
mass was obtained by deconvolution with the MaxEnt1 function.

Protein expression and purification

The E1 ubiquitin-activating enzyme UBE1 carrying an N-terminal His-tag was expressed
from a pET3a vector in E. coli BL21(DE3) in autoinduction media for 2-3 hours at 37 °C,
after which the bacteria were allowed to grow overnight at 18 °C. Next, bacteria were
harvested and lysed by sonication, followed by His-affinity purification using Talon metal
affinity resin (Clontech Inc., Palo Alto, CA, USA). Subsequently, the protein was further
purified by anion exchange using a Resource Q column (GE Healthcare), followed by size
exclusion using a Superdex 200 column (GE Healthcare).

The E2/E3 enzyme chimera plasmid was obtained as a gift from dr. Vincent Chau
(Penn State, USA). The expression plasmid consists of the RING domain of the E3
ubiquitin ligating enzyme gp78 fused to the N-terminus of the E2 ubiquitin-conjugating
enzyme Ube2g2 in a PET28a-TEV vector.

The E2/E3 enzyme chimera was expressed and purified as described®. In brief, the
fusion protein was expressed in E. coli BL21(DE3) cells grown in LB at 37°C until OD,
= 0.4-0.6 and induced with 0.4 mM IPTG for 4 hours at 30 °C. The harvested cells were
lysed with Bugbuster protein extraction reagent (Millipore) according to manufacturer’s
protocol. The fusion protein was purified on Ni-NTA resin followed by size exclusion
using a Superdex 200 column (GE Healthcare). Next, TEV protease cleavage was carried
out overnight, and the cleaved fusion protein was further purified using a Resource Q
column (GE Healthcare).

Ubi-tagged Fabs were produced in hybridoma cell lines engineered to produce Fabs
fused at the C-terminus of the heavy chain to ubiquitin, followed by a His-tag at the
C-terminus of ubiquitin. The modified hybridoma cells were cultivated for antibody
production in CD Hybridoma medium supplemented with 2 mM ultraglutamine and 50
UM B-mercaptoethanol for 7 to 10 days. To prevent the cleavage of the his-tag during
cultivation, which is essential for blocking the C-terminal glycine residue of acceptor
ubi-tags, antibodies fused to an acceptor ubi-tag were secreted in culture media
supplemented with Ub-PA. However, donor ubi-tags require a free C-terminus; thus,
antibodies fused a donor ubi-tag intended for conjugation were cultured without a
DUB inhibitor. After 7 to 10 days, the culture media containing the ubi-tagged Fabs
was centrifugated to remove cells. The supernatant was filtered through a 0.22 um
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filter (GE Healthcare) and loaded on a pre-equilibrated HiTrap Protein G HP column
(GE Life Science), and the ubi-tagged antibodies were purified according to the
manufacturer’s protocol. Elution fractions containing the ubi-tagged antibodies were
pooled and dialyzed against PBS. Acceptor ubi-tagged antibodies, carrying a His-tag at
the C-terminus of ubiquitin, were purified by Ni-NTA affinity purification prior to Protein
G affinity purification (Supplementary Fig. 9).

Sortase-mediated chemoenzymatic ligation

aDEC205 Fab-Srt (1 eq., 20 nmol, 1 mg), 4s9 sortase (0.5 eq., 10 nmol, 0.18 mg) and
GGG(FR)SIINFEKL (40 eq., 800 nmol, 0.91 mg) were added in sortase buffer (10% DMSO
in 50 mM Tris HCI, 150 mM NaCl, 2 mM CaCl,, pH = 7.5) and incubated (2 h., 37 °C). 100
pL HisPur™ Ni-NTA Resin was added to the completed reaction and the mixture was
incubated (15 min., rt) and centrifuged (10,000 rcf, 1 min., rt). The clear supernatant
was purified by size exclusion chromatography (NGC, BioRad). The product was
concentrated over a 10-kDa filter (Millipore). Concentration was determined using a
NanoDrop™ 2000 (ThermoFisher) and purity was assessed by SDS-PAGE (12%) analysis.

Site-specific generation DOTA-GA conjugates

Fab-Ub,-K(N,)-FR-OT-1(5 nmol, 0.33 mg) and Fab-Srt-K(N,)-FR-OT-1 (5 nmol, 0.25 mg) were
conjugated as described above using ubi-tagging or sortase-mediated chemoenzymatic
ligation respectively. After ligation, buffer was exchanged to metal-free PBS using Zeba
spin desalting columns (0.5 mL, 7 kDa MW cut-off, Pierce Biotechnology). BCN-DOTA-
GA (10 eq., 50 nmol, 14 pg) (C130, CheMatech) was added as 10 mM stock solution in
DMSO and the final DMSO concentration was set at 10%. The reaction was incubated
(16 h., rt) and purified using Zeba spin desalting columns (0.5 mL, 7 kDa MW cut-
off, Pierce Biotechnology). Concentration was determined using a NanoDrop™ 2000
(ThermoFisher) and purity was assessed by SDS-PAGE (12%) analysis.

Radiolabeling

Conjugates (10 ug) were labeled under metal-free conditions with In-111 (Curium) (0.5
MBgq/ug) in MES buffer (0.5 M, pH 5.5, 2x volume of 111InCl, solution). The mixture
was incubated at 37 °C for 60 min. after which EDTA (final conc. 5 mM) was added.
Radiochemical yield (RCY) of [*In]In-Srt and [*In]In-Ub conjugates was determined
by instant thin-layer chromatography (iTLC) using silica gel coated paper (Agilent
Technologies) with 0.1 M NH,OAc containing 0.1 M EDTA as mobile phase. iTLC strips
were imaged using phosphor-luminescent plates on a phosphor imager (Typhoon FLA
7000, GE Healthcare). Purification was performed for all conjugates using Zeba spin
desalting columns (0.5 mL, 7 kDa MW cut-off, Pierce Biotechnology). Purification was
repeated once to obtain a radiochemical purity of >90%. Purified conjugates were
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diluted in PBS for injection.

Mice

All mice were purchased from Charles River Laboratories, France. Female C57BL/6
WT and OT-I (Tg(TcraTcrb)1100Mjb/Crl) between 8-12 weeks of age and 18-25 g body
weight were used for in vitro and in vivo experiments. Mice were sacrificed by cervical
dislocation.

In vitro OT-I cell activation assay

BMDCs were generated as described below and plated at 10,000 cells per condition.
Vaccine conjugates (1000 nM, 100 nM, 10 nM) were added to the BMDCs in 1:1 ratio
of complete medium and PBS supplemented with LPS (0.3 pg/mL final concentration),
and the BMDCs were incubated (2 h., 37 °C). In tandem, OT-I CD8" cells were isolated
as described below. After incubation with the vaccine conjugates, the BMDCs were
washed and 50,000 OT-I cells were added to each condition. The BMDCs-OT-I cell co-
culture was incubated (3 d., 37 °C). The cells were spun down (1700 rpm., 2 min., 4
°C), supernatant was stored for ELISA analysis, and the cells were analyzed using a
FACSVerse™ (BD Biosciences).

In vivo OT-I cell activation assays

OT-1 CD8* cells were isolated as described below and injected intravenously (1e6
cells, 100 pL) into WT C57BL/6 mice (Charles River). After 24 h., the different vaccine
conjugates (5 pmol) supplemented with LPS (10 pg) in PBS were injected intravenously
(100 uL). 48 h. after injection of the vaccines, mice were cervical dislocated and the
spleen and inguinal lymph nodes were harvested. Spleen cells were filtered and an ACK
lysis was performed to remove red blood cells. Cells from the lymph nodes were filtered
and pooled with the spleen cells to be analyzed using a FACSLyric™ (BD Biosciences).

GM-CSF BMDCs generation

Hindlegs of C57BL/6 (Charles River) were dissected. Tibia and femur were cleaned and
cut open with a scalpel. Bone marrow cells were flushed out and collected in a petri-
dish. 10 mL complete RPMI 1640 medium (ThermoFisher) supplemented with 50 uM
2-mercaptoethanol and 25 ng/mL GM-CSF was added per 10e6 cells. On day 3, 5 mL
fresh media (+ 50 uM 2-mercaptoethanol, 25 ng/mL GM-CSF) was added. On day 8,
non-adherent dendritic cells were harvested.

OT-l cell isolation

OT-lI mice (C57BL/6-Tg(TcraTcrb)1100Mjb/Crl, Charles River) were killed by cervical
dislocation and spleen and inguinal lymph nodes were harvested. Both organs were
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meshed on a filter and splenocytes underwent ACK lysis. After lysis, splenocytes were
pooled with lymphocytes and OT-I cells were isolated using magnetic-assisted cell
sorting according to manufacturer’s protocol (CD8a T Cell Isolation Kit, mouse, Miltenyi
Biotec). Then, OT-I cells were stained with CellTrace™ Violet (ThermoFisher) for 20 min.
at 37 °C and recovered in complete medium. Afterwards, cells were spun down (1500
rpm., 4 °C) and resuspended in PBS.

Blood kinetics and biodistribution

Mice (n = 4) were injected i.v. via the tail vein with [**!In]In-Srt conjugate or [*'!In]In-Ub
conjugate (5 pmol, ca. 0.1 MBq in 100 pL PBS) pre-mixed with LPS (10 ug). Blood samples
(ca. 20 pL) were drawn via the vena saphena at various time points (10 min., 30 min.,
1h,2h,4h., 6h.). 24 h. post injection, mice were euthanized via CO2 asphyxiation.
Blood was obtained by cardiac puncture after which animals were dissected. Blood
samples from various time points and isolated organs were weighed and counted in a
gamma counter (Wizard 1480, PerkinElmer) along with standards to determine the %
injected dose per gram (%ID/g) or % injected dose per organ (%ID). Stomach, small and
large intestine were not emptied before y-counting.

Splenocyte subset isolation

Spleens were recovered after y-counting and meshed on a filter. Splenocytes underwent
ACK lysis and subsequently CD11c* cells were isolated according to manufacturer’s
protocol (CD11c MicroBeads UltraPure, mouse, Miltenyi Biotec). In short, splenocytes
were dissolved (4 pL buffer per 1e6 splenocytes) in MACS buffer (2 mM EDTA, 2% Fetal
Bovine Serum in PBS) and CD11c* magnetic beads (1 plL beads per 1e6 splenocytes) were
added to the cells. The suspension was incubated at 4 °C for 10 min. and subsequently
applied onto a pre-wetted LS column. The flowthrough and wash fractions containing
CD11c splenocytes were collected and subjected to CD11b* isolation according to the
manufacturer’s protocol (CD11b MicroBeads, human and mouse, Miltenyi Biotec). The
CD11c" splenocytes were eluted, counted using trypan blue, and y-counted in a gamma
counter (Wizard 1480, PerkinElmer). The CD11b* isolation was performed equivalently
to the CD11c* isolation. The CD11c/CD11b* splenocytes were eluted, counted using
trypan blue, and y-counted in a gamma counter (Wizard 1480, PerkinElmer). The
flowthrough and wash fractions of CD11b* isolation were collected and the CD11c/
CD11b splenocytes were counted using trypan blue, and y-counted in a gamma counter
(Wizard 1480, PerkinElmer).

Flow cytometry and antibodies
For FACS analysis, cells were washed with PBS, followed by life/death staining (20 min.,
rt) in 50 uL eBioscience™ Fixable Viability Dye eFluor™ 780 (1:2000, ThermoFisher).
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Cells were washed once with PBA and antibody mixes were added (30 min., 4 °C).
Cells were washed twice with PBA, taken up in 100 uL PBA and FACS analyses were
performed on a FACSLyric™ (BD Biosciences) or a FACSVerse™ (BD Biosciences). The
following antibodies were used for staining: mCD8a (1:100 dil., PerCP, clone 53-6.7,
Biolegend), mCD8a (1:100 dil., FITC, clone 53-6.7, Biolegend), mCD25 (1:100 dil.,
FITC, clone PC61, Biolegend), mCD25 (1:100 dil., PerCP-Cy5.5, clone PC61, Biolegend),
mCD44 (1:50 dil., PE/Cy7, clone IM7, Biolegend), m4-1BB (1:100 dil., APC, clone 17BS5,
ThermoFisher), mDEC205 (1:1000 dil., PE, clone NLDC-145, Biolegend), hCD8 (1:20 dil.,
APC, clone RPA-T8, BD Biosciences), hCD25 (1:50 dil., PE/Cy7, clone BC96, BioLegend),
hCD69 (1:20 dil., PerCP, clone L78, BD Biosciences), h4-1BB (1:20 dil., PE, clone 4B4-1,

BD Pharmingen).
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S1 LC-MS analysis of aDEC205 Fab-Ub®" conjugation to either ub“C—FR—OVAp or Uba“—OVAp forming
Fab—UbZ—FR—OVAp or Fab—UbZ—FR—OVAp respectively. Total ion chromatograms (left), ESI-TOF spectra
(middle) and deconvoluted ESI-TOF mass spectra (right).
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S2 In vitro OT-I cell activation assay showing data for the T cell activation markers CD44 and IL2.
GM-CSF BMDCs were generated and pulsed for 2 h. with 1000-100-10 nM vaccine conjugates or
1000 nM control conditions and 0.3 pug/mL LPS. Sequentially, OT-I cells were added in 1:5 ratio and
incubated for 3 days. Cells were analyzed using FACS. (c) FACS analysis. Statistics are provided in Table

S1. Data (n = 4) are shown as mean +SD normalized MFI to positive control for CD44 (a) and IL2 (b).
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S3 In vivo OT-I cell activation assay showing (a) flow cytometry analysis (n = 4) of division index of OT-I
cells isolated from inguinal lymph nodes. Data are shown as mean +SD. Paired T tests, ****P<0.0001,
***P<0.001, *P<0.05 (b) Representative histograms of OT-I cell proliferation in lymph nodes.

Table S1 Statistics for figure 2 and supplemental figure 2. All conditions are tested with a two-sided
paired T test between conditions at similar concentrations. P values are notated in tables below,
****¥Pp<0.0001, ***P<0.001, **P<0.01, *P<0.05, ns P>0.05

Figure 2C—-CD25
Conditions compared
At 1000 nM At 100 nM At 10 nM
PBS vs Fab-Ub2-FR-OVAp 0.0083, ** 0.0101, * 0.0055, **
PBS vs Fab-Ub2-OVAp 0.0181, * 0.0075, ** 0.0169, *
PBS vs Fab-Srt-FR-OVAp 0.0027, ** 0.0026, ** 0.8161, ns
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PBS vs Fab-Srt-OVAp 0.2860, ns 0.5382, ns 0.6126, ns
Fab-Ub2-FR-OVAp vs Fab-Ub2-OVAp 0.1842, ns 0.1954, ns 0.7077, ns
Fab-Ub2-FR-OVAp vs Fab-Srt-FR-OVAp 0.1105, ns 0.0402, * 0.0092, **
Fab-Ub2-FR-OVAp vs Fab-Srt-OVAp 0.0075, ** 0.0094, ** 0.0053, **
Fab-Ub2-OVAp vs Fab-Srt-FR-OVAp 0.2424, ns 0.0345, * 0.0619, ns
Fab-Ub2-OVAp vs Fab-Srt-OVAp 0.0182, * 0.0069, ** 0.0336, *
Fab-Srt-FR-OVAp vs Fab-Srt-OVAp 0.0011, ** 0.0016, * 0.0313, *
Conditions compared L

At 1000 nM At 100 nM At 10 nM
PBS vs Fab-Ub2-FR-OVAp 0.0174, * 0.0073, ** 0.0534, ns
PBS vs Fab-Ub2-OVAp 0.0051, ** 0.0066, ** 0.0197, *
PBS vs Fab-Srt-FR-OVAp 0.0166, * 0.0158, * 0.05129, ns
PBS vs Fab-Srt-OVAp 0.9699, ns 0.5262, ns 0.5406, ns
Fab-Ub2-FR-OVAp vs Fab-Ub2-OVAp 0.1598, ns 0.0863, ns 0.0116, *
Fab-Ub2-FR-OVAp vs Fab-Srt-FR-OVAp 0.0273, * 0.0108,* 0.0059, **
Fab-Ub2-FR-OVAp vs Fab-Srt-OVAp 0.0057, ** 0.0017, ** 0.0071, **
Fab-Ub2-OVAp vs Fab-Srt-FR-OVAp 0.0098, ** 0.0166, * 0.0071, **
Fab-Ub2-OVAp vs Fab-Srt-OVAp 0.0024, ** 0.0024, ** 0.0055, **
Fab-Srt-FR-OVAp vs Fab-Srt-OVAp 0.0020, ** 0.0010, ** 0.7975, ns

Figure 2E - IFNy

Conditions compared

At 1000 nM At 100 nM At 10 nM
PBS vs Fab-Ub2-FR-OVAp 0.0022, ** 0.0016, ** 0.0089, **
PBS vs Fab-Ub2-OVAp 0.0076, ** 0.0020, ** 0.0075, **
PBS vs Fab-Srt-FR-OVAp 0.0017, ** 0.0046, ** 0.0053, **
PBS vs Fab-Srt-OVAp 0.0126, * 0.0574, ns 0.2808, ns
Fab-Ub2-FR-OVAp vs Fab-Ub2-OVAp 0.6742, ns 0.2087, ns 0.6052, ns
Fab-Ub2-FR-OVAp vs Fab-Srt-FR-OVAp 0.0318, * 0.0129, * 0.0748, ns
Fab-Ub2-FR-OVAp vs Fab-Srt-OVAp 0.0120, * 0.0032, * 0.0100, **
Fab-Ub2-OVAp vs Fab-Srt-FR-OVAp 0.1268, ns 0.0073, ** 0.0361, *
Fab-Ub2-OVAp vs Fab-Srt-OVAp 0.0318, * 0.0034, ** 0.0086, *
Fab-Srt-FR-OVAp vs Fab-Srt-OVAp 0.0088, ** 0.0065, ** 0.0045, **

Figure S2 — CD44

Conditions compared

At 1000 nM At 100 nM At 10 nM
PBS vs Fab-Ub2-FR-OVAp 0.0003, *** 0.0032, ** 0.0247, *
PBS vs Fab-Ub2-OVAp 0.0005, *** 0.0014, ** 0.0078, **
PBS vs Fab-Srt-FR-OVAp 0.0087, ** 0.0262, * 0.0764, ns
PBS vs Fab-Srt-OVAp 0.0450, * 0.0412, * 0.9162, ns
Fab-Ub2-FR-OVAp vs Fab-Ub2-OVAp 0.0393, * 0.0339, * 0.0592, ns
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Fab-Ub2-FR-OVAp vs Fab-Srt-FR-OVAp 0.0235, * 0.0336, * 0.0464,*
Fab-Ub2-FR-OVAp vs Fab-Srt-OVAp 0.0060, * 0.0020, ** 0.0100, *
Fab-Ub2-OVAp vs Fab-Srt-FR-OVAp 0.0227, * 0.0150, * 0.0337, *
Fab-Ub2-OVAp vs Fab-Srt-OVAp 0.0090, ** 0.0014, ** 0.0024, **
Fab-Srt-FR-OVAp vs Fab-Srt-OVAp 0.0543, ns 0.3228, ns 0.0192, *
Figure S2 —IL-2

Conditions compared

At 1000 nM At 100 nM At 10 nM
PBS vs Fab-Ub2-FR-OVAp 0.0061, ** <0.0001, **** 0.0165, *
PBS vs Fab-Ub2-OVAp 0.0206, * 0.0211, * 0.0479, *
PBS vs Fab-Srt-FR-OVAp 0.0002, *** 0.0011, ** 0.0626, ns
PBS vs Fab-Srt-OVAp 0.1769, ns 0.0474, * 0.8970, ns
Fab-Ub2-FR-OVAp vs Fab-Ub2-OVAp 0.0837, ns 0.1053, ns 0.4949, ns
Fab-Ub2-FR-OVAp vs Fab-Srt-FR-OVAp 0.7317, ns 0.0016, ** 0.0197, *
Fab-Ub2-FR-OVAp vs Fab-Srt-OVAp 0.0070, ** <0.0001, **** 0.0179,*
Fab-Ub2-OVAp vs Fab-Srt-FR-OVAp 0.0812, ns 0.0392, * 0.0516, ns
Fab-Ub2-OVAp vs Fab-Srt-OVAp 0.0351, * 0.0221, * 0.0462, *
Fab-Srt-FR-OVAp vs Fab-Srt-OVAp 0.0092, ** 0.0016, ** 0.0567, ns

Table S2a Blood clearance data. Mice were treated as described in figure 5. %ID/g are given for the

blood clearance study as shown in

Timepoint [111In]in Fab-Ub2-K(DOTA-GA)-FR- | [111In]in  Fab-Srt-K(DOTA-GA)-FR-
OVAp OVAp
%ID/g %ID/g

10 min. 17.1+2.1 21.1¢4.01

30 min. 9.79+1.69 10.0+1.99

60 min. 6.92+1.03 6.16+1.25

120 min. 4.40£0.59 3.14£0.46

240 min. 2.84+0.39 1.71#0.20

360 min. 2.19+0.51 1.28+0.20

1440 min. 0.70£0.18 0.20£0.01

Table S2b Biodistribution data. Mice were injected as described in figure 5. %ID/g are given for the
organs of which the weight was determined or as %ID for the stomach, small intestine, large intestine.

Weight was not determined for the latter, as the organs were not emptied.

Tissue [111In]in Fab-Ub2-K(DOTA-GA)-FR- | [111In]In  Fab-Srt-K(DOTA-GA)-FR-
OVAp OVAp
%ID/g %ID/g

Spleen 30.8+10.0 22.1+1.3

Blood 0.698+0.182 0.200+0.014

Inguinal LN 2.92+0.72 9.51+3.51
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Thymus 1.19+0.29 2.88+0.46
Heart 0.888+0.121 0.965+0.025
Lung 1.7740.29 3.01+0.62
Liver 31.9+6.2 12.2+1.2
Kidneys 5.77+1.10 60.34+4.73
Muscle 0.375+0.025 0.343+0.059
Bone 5.55+0.79 4.96+0.88
Skin 1.57+0.18 1.48+0.11
%ID (e-3) %ID (e-3)
Stomach 2.58+0.72 6.49+3.14
Small intestine 11.7+1.0 14.542.5
Large intestine 9.3146.19 20.4+8.43

Table S2c Distribution data for splenocyte subset isolation. Mice were treated as described in Figure
5. %ID, cell number and %ID/cell are given for the isolation of the various splenocyte subsets.

[111In]In Fab-Ub2-K(DOTA-GA)-FR-OVAp [111In]In Fab-Srt-K(DOTA-GA)-FR-OVAp
%ID (e-5) # Cells (e6) %ID/cell (e-9) | %ID (e-5) # Cells (e6) %ID/cell (e-9)
CD11lc+ 25.3%£12.5 0.13+0.09 216162 6.32+1.15 0.13+0.06 61.5+34.1
CD11c-/ 5.15+2.44 0.66+0.19 7.51%2.5 22.7+£2.77 0.81+0.11 28.4+4.41
CD11b+
CD11c-/ 3.88+1.92 11.449.1 0.40+0.14 27.418.29 13.0+4.11 2.18+0.66
CD11b-

Table S3 Rat IgG2A ubi-tagged Fab: donor and acceptor. Design HDR-template used to obtain the anti-
DEC205 Fab-Ub%" and anti-DEC205 Fab-Ub3<.

PCR4 TOPO

sequence

5’'HA

CCTGGAACTCTGGAGCCCTGTCCAGCGGTGTGCACACCTTCCCAGCTGTCCTG-
CAGTCTGGACTCTACACTCTCACCAGCTCAGTGACTGTACCCTCCAGCACCTGGTC-
CAGCCAGGCCGTCACCTGCAACGTAGCCCACCCGGCCAGCAGCACCAAGGTGGA-
CAAGAAAATTGGTGAGAGAACAACCAGGGGATGAGGGGCTCACTAGAGGTGAGGATA-
AGGCATTAGATTGCCTACACCAACCAGGGTGGGCAGACATCACCAGGGAGGGGGCCT -
CAGCCCAGGAGACCAAAAATTCTCCTTTGTCTCCCTTCTGGAGATTTCTATGTCCTT -
TACACCCATTTATTAATATTCTGGGTAAGATGCCCTTGCATCATGACATACAGAG-
GCAGACTAGAGTATCAACCTGCAAAAGGTCATACCCAGGAAGAGCCTGCCAT-
GATCCCACACCAGAACCAACCTGGGGCCTTCTCACCTATAGACCATACTAACACA-
CAGCCTTCTCTCTGCAGTGCCAAGGGAATGCGGAGGCGGT

Lir!ker -Ub, .
-His,

(acceptor)

TGCCAAGGGAATGCGGAGGCGGTGGATCTATGCAAATTTTCGTTAAGACTCT -
GACAGGGAAGACTATTACACTGGAGGTTGAGCCATCAGATACGATTGAGAAT-
GTCAAGGCAAAGATACAGGACAAAGAAGGGATACCCCCGGACCAACAAAGGCT-
GATCTTCGCTGGGAAGCAACTGGAAGATGGCCGAACACTGAGCGATTATAACATA-
CAAAAGGAGTCTACACTGCATTTGGTTCTGCGCCTTCGAGGCGGGCATCACCACCAC-

CATCACCATCATCACCATTGACATATG
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Linker - Ub

K48R
-His,

(Donor)

TGCCAAGGGAATGCGGAGGCGGTGGATCTATGCAAATATTCGTAAAGACTCTGACC-
GGGAAAACCATTACACTTGAAGTGGAGCCGTCAGACACGATTGAGAATGTTAAGGC-
TAAGATTCAGGACAAGGAAGGTATCCCGCCAGACCAACAACGCCTGATCTTCGCCG-
GACGACAATTGGAGGATGGTAGGACTTTGAGCGATTACAACATACAGAAAGAATC-
TACTCTTCATTTGGTATTGCGGCTGAGGGGCGGGCATCACCATCATCACCATCAC-
CACCACCATTGACATATG

IRES Bsr polyA

CCGGTGAGCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTG-
GAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCC-
GTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAG-
CATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAAT-
GTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTG-
TAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCG-
GCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGC-
CACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCG-
TATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCT -
GATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAAC-
GTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATA-
ATCTAGAGTCGACGTTAACATGAAGCCTTTGTCTCAAGAAGAATCCACCCTCATT-
GAAAGAGCAACGGCTACAATCAACAGCATCCCCATCTCTGAAGACTACAGCGTC-
GCCAGCGCAGCTCTCTCTAGCGACGGCCGCATCTTCACTGGTGTCAATGTATAT -
CATTTTACTGGGGGACCTTGTGCAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCG—
GCAGCTGGCAACCTGACTTGTATCGTCGCGATCGGAAATGAGAACAGGGGCATCTT-
GAGCCCCTGCGGACGGTGCCGACAGGTGCTTCTCGATCTGCATCCTGGGATCAAAGC -
CATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCT -
GCCCTCTGGTTATGTGTGGGAGGGCTAAGAGCTCGCTAGCCTGTGCCTTCTAGTT -
GCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGT ~
GCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCT -
GAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAG-
GATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGAGATCTT ~
TAATTAA

3’HA

GGTAAGTCACTAGGACTATTACTCCAGCCCCAGATTCAAAAAATATCCTCAGAG-
GCCCATGTTAGAGGATGACACAGCTATTGACCTATTTCTACCTTTCTTCTTCATC-
TACAGGCTCAGAAGTATCATCTGTCTTCATCTTCCCCCCAAAGACCAAAGATGT -
GCTCACCATCACTCTGACTCCTAAGGTCACGTGTGTTGTGGTAGACATTAGC-
CAGAATGATCCCGAGGTCCGGTTCAGCTGGTTTATAGATGACGTGGAAGTCCA-
CACAGCTCAGACTCATGCCCCGGAGAAGCAGTCCAACAGCACTTTACGCTCAGT -
CAGTGAACTCCCCATCGTGCACCGGGACTGGCTCAATGGCAAGACGTTCAAATG-
CAAAGTCAACAGTGGAGCATTCCCTGCCCCCATCGAGAAAAGCATCTCCAAACCC-
GAAGGTGGGAGCAGCAGGGTGTGTGGTGTAGAAGCTGCAGTAGGCCATAGA-
CAGAGCTTGACTTAACTAGACTTAAGGGCGAATTCGCGGCCGCGCGGCCGL
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Table S4 Rat IgG2a SrtA(4s9)-tagged Fab Design HDR-template used to obtain the anti-DEC205 Fab-

Srt.
PCR2.1 TOPO sequence
5’HA rlgG2a CCTGGAACTCTGGAGCCCTGTCCAGCGGTGTGCACACCTTCCCAGCTGTCCTG-

CAGTCTGGACTCTACACTCTCACCAGCTCAGTGACTGTACCCTCCAGCACCTGGTC-
CAGCCAGGCCGTCACCTGCAACGTAGCCCACCCGGCCAGCAGCACCAAGGTGGA-
CAAGAAAATTGGTGAGAGAACAACCAGGGGATGAGGGGCTCACTAGAGGTGAGGATA-
AGGCATTAGATTGCCTACACCAACCAGGGTGGGCAGACATCACCAGGGAGGGGGCCT -
CAGCCCAGGAGACCAAAAATTCTCCTTTGTCTCCCTTCTGGAGATTTCTATGTCCTT -
TACACCCATTTATTAATATTCTGGGTAAGATGCCCTTGCATCATGACATACAGAG-
GCAGACTAGAGTATCAACCTGCAAAAGGTCATACCCAGGAAGAGCCTGCCAT-
GATCCCACACCAGAACCAACCTGGGGCCTTCTCACCTATAGACCATACTAACACA-
CAGCCTTCTCTCTGCAGTGCCAAGGGAATGC

Linker — Sortag —
HIS tag

GGAGGCGGAGGCAGCCTGCCGGAATCCGGCGGCCACCATCACCATCACCATTGA

IRES Bsr polyA

GGATCCCAATTGCTCGAGGCCCCTCTCCCTCCCCCCCCCCTAACGTTACTGGC-
CGAAGCCGCTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCAC-
CATATTGCCGTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTT -
GACGAGCATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTT-
GAATGTCGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCT -
GTAGCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGC-
GGCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGTGC-
CACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCTCCTCAAGCG—
TATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGATCT -
GATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTC-
TAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATATG-
GCCACAGAATTCGCCACCATGGCCAAGCCTTTGTCTCAAGAAGAATCCACCCTCATT -
GAAAGAGCAACGGCTACAATCAACAGCATCCCCATCTCTGAAGACTACAGCGTC-
GCCAGCGCAGCTCTCTCTAGCGACGGCCGCATCTTCACTGGTGTCAATGTATAT -
CATTTTACTGGGGGACCTTGTGCAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCG—
GCAGCTGGCAACCTGACTTGTATCGTCGCGATCGGAAATGAGAACAGGGGCATCTT -
GAGCCCCTGCGGACGGTGCCGACAGGTGCTTCTCGATCTGCATCCTGGGATCAAAGC—
CATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCT -
GCCCTCTGGTTATGTGTGGGAGGGCTAAGTACTAGTCGACTGTGCCTTCTAGTT -
GCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGT -
GCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCT-
GAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAG—
GATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGAGATCTT -
TAATTAA

3’HA rlgG2a

GGTAAGTCACTAGGACTATTACTCCAGCCCCAGATTCAAAAAATATCCTCAGAG-
GCCCATGTTAGAGGATGACACAGCTATTGACCTATTTCTACCTTTCTTCTTCATC-
TACAGGCTCAGAAGTATCATCTGTCTTCATCTTCCCCCCAAAGACCAAAGAT-
GTGCTCACCATCACTCTGACTCCTAAGGTCACGTGTGTTGTGGTAGACATTAGC-
CAGAATGATCCCGAGGTCCGGTTCAGCTGGTTTATAGATGACGTGGAAGTCCA-
CACAGCTCAGACTCATGCCCCGGAGAAGCAGTCCAACAGCACTTTACGCTCAGT -
CAGTGAACTCCCCATCGTGCACCGGGACTGGCTCAATGGCAAGACGTTCAAATG-
CAAAGTCAACAGTGGAGCATTCCCTGCCCCCATCGAGAAAAGCATCTCCAAACCC-
GAAGGTGGGAGCAGCAGGGTGTGTGGTGTAGAAGCTGCAGTAGGCCATAGA-
CAGAGCTTGACTTAACTAGACTT
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Abstract

Nanobodies, also known as sdAbs or VHHs, hold great potential for the development of
dendritic cell (DC)-targeted vaccines due to their small size, high specificity, and ability
to penetrate tissues efficiently. In this study, we demonstrate that ubi-tagged VHHs
retain their functionality, with the ubi-tag not interfering with VHH antigen binding.
Furthermore, we show that the ubi-tag serves as a conjugation tag and also enhances
the solubility of the attached peptide, acting as an effective solubility enhancer for
hydrophobic epitopes. We then generated an anti-DC-SIGN VHH-UbZ—gp100p conjugate
and demonstrate its functionality in vitro, showcasing the potential of ubitagged VHH-
peptide epitope conjugates as a vehicle for DC-targeted vaccines in a human setting.

Introduction

Nanobodies, or single-domain antibody fragments, are derived from unique heavy-
chain-only antibodies found in camelids. Unlike conventional antibodies, which consist
of two heavy and two light chains, nanobodies consist solely of the variable heavy-chain
domain (VHH), which is responsible for antigen recognition.! Despite their small size
(approximately 15 kDa), nanobodies maintain antigen-binding capacities comparable
to full-sized antibodies, making them highly versatile in biomedical applications?. Their
small size, superior stability, high specificity, and ability to penetrate tissues efficiently,
contribute to their effectiveness in both therapeutic and diagnostic applications. For
this reason, nanobodies are also attractive to use for the development of dendritic cell
(DC)-targeted vaccines, which aim to enhance immune responses against infectious
diseases, cancer, and other conditions?™>.

Nanobodies targeting DC cell surface receptors, such as CLEC9A and CD11c, and
DC-SIGN, enable targeted delivery of antigens to DCs*®’. Since VHHs are predominantly
produced via recombinant expression in bacterial systems, one approach for generating
VHH-peptide epitope conjugates involves recombinant DNA. In this technique, the
coding DNA sequences of the VHH and peptide epitopes are linked together within
a recombinant plasmid, enabling the co-expression of a single polypeptide chain
comprising both the VHH and the peptide epitope. This method facilitates the
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production of a bifunctional protein, where the VHH domain and the epitope are
expressed in one genetically encoded fusion product, allowing for efficient synthesis in
bacterial hosts. While this approach seems straightforward, it often presents challenges
due to the hydrophobic nature of antigenic peptides?, leading to low expression and
improper folding of the resulting fusion proteins. This limits the wide application of
bacterial expression for producing VHH-peptide conjugates.

An alternative approach is sortagging, where a VHH is produced with a sortag motif
at its C-terminus and then chemoenzymatically conjugated to a chemically synthesized
peptide epitope with a polyglycine motif at its N-terminus®. Chemical synthesis of
the peptide epitope provides more flexibility to attach chemical moieties to enhance
the solubility compared to genetic fusions. For instance, the solubility of the highly
hydrophobic peptide NY-ESO-1 was improved by chemically attaching polyethylene
glycol (PEG) to it.°

Ubiquitin has also been shown to enhance the solubility and promote the proper
folding of proteins when used as a fusion tag'°. Encouraged by our data in Chapter 3,
where we observed strong T cell activation with ubi-tagged Fab-peptide conjugates,
we sought to apply ubi-tag conjugation to generate VHH-peptide epitope conjugates.
Our aim was to investigate the impact of the presence of a ubi-tag on the solubility of
antigenic peptides, assess the feasibility of ubi-tag conjugation for VHHs, and translate
the previously observed effects of the ubi-tagged conjugates for DC-targeted antigen
delivery to human applications.

Results

To explore the applicability of ubi-tagging for DC-targeted antigen delivery, we
broadened the scope towards nanobody (VHH)-conjugates (Fig. 1a). The high stability,
solubility, and ease of production of nanobodies have raised interest in the use of these
small-sized (15 kDa) targeting moieties!. We produced two ubi-tagged VHHs (VHH-
Ub(K48R)%"), one targeting hDC-SIGN (CD209)* and the other targeting ALFA-tag®?
as a non-targeted control (ntVHH-Ub) (Fig. 1b and Supplementary Fig. S1 and S4, and
Supplementary Table S1). As the size of the ubi-tag (16 kDa) is roughly equal to the size
of the nanobody, we first verified that ubi-tagging does not hinder target binding. We
performed a binding assay on DC-SIGN transfected CHO cells and DC-SIGN expressing
monocyte-derived DCs (moDCs) (Fig. 1c and Supplementary Fig. S2). The results
revealed a pronounced, DC-SIGN expression- and dose-dependent enhancement in
the fluorescent signal for the DC-SIGN targeted Rho-Ub_-VHH conjugate. In contrast, no
such increase was observed for the Rho-Ub_-ntVHH.
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Figure 1| Ubi-tag conjugation of nanobodies. (a) Schematic representation of ubi-tagging for
nanobodies. (b) Non-reducing (fluorescent) SDS-PAGE analysis and deconvoluted ESI-TOF mass
spectra of formation of Rho-Ub,-VHH through ubi-tagging of VHH-Ub®" and Rho-Ub**. (c) Binding
assay on DC-SIGN transfected CHO cells with DC-SIGN targeted Rho-Ub_-VHH (blue), ALFAtag targeted
Rho-Ub,-ntVHH (red), and DC-SIGN targeted Rho-Ub,-VHH on WT CHO cells (black). Data are shown
as MFI of Rhodamine-channel and a curve fit (Sigmoidal, 4PL, X = log(conc.)) on data points (n = 2).

Inthe field of targeted antigenic peptide delivery the hydrophobicity of CD8-epitopes
is a prevalent problem®. We reasoned that since ubiquitin is well-known for its high
solubility and stability, the fusion of a ubi-tag to hydrophobic peptides could enhance
their solubility’®. To demonstrate this, we generated a library of VHH-Ub,-peptide
conjugates, including hydrophobic peptides known to be challenging to ligate to
antibodies, nanobodies or chemokines using other techniques®®. All tested Ub-peptide
fusions were readily synthesized and conjugated to VHH-Ub(K48R)%" without solubility
issues (Fig. 2a and Supplementary Fig. S5).

102



Nanobody ubi-tag conjugates for translation to human DC targeted antigen delivery

a
Ub-  Ub-  Ub- Ub- Ub- Ub- Ub- .
2W1S Melan FluM1 MAGE Casp5 NYESO1 gotoo Ub-Peptide e
kDa
1301 L E1 8%
554
354 — - - :\EIZH/Eész-Peptide 20000 25000 30000 35000 murgass
25d~--—---=—-=-ﬂ="" VHH-Ubon
T - e - e e | - - 24375
154 Do
10 S |- Ubs=-Peptide
20000 25000 30000 35000 4000’8ass
030 0300300300300 300 30 Time(min) Mass (Da)
b
" sidss
e _ -
® &
Isolate CD14* Differentiated monocytes Flow cytometry
monocytes into moDCs read-out
I 1 ]
: / 6\ DI7
I 1
T=0h T=1h
Bg_— % Se — %
Add vaccine Add Jurkat
conjugates at 4 °C T cells
c
CD69
10e2-
. *
9e2 k%
ns
_ 8e2- >*
L * E— |
7e2 _*x
0.1-0.5-1pM
662 I I
5
sez {1 et [0 et 151 | [ s B
R —— —
& S ¥ $ S
PN Q@ N N
RFSIRCAEN R S
Q’\Q 0\\'Z’(\ N¢ N
K >
Q\&@ A@b (‘\&Qs

Figure 2| Generation and validation of VHH-Ub,-antigenic peptide conjugates. (a) SDS-PAGE analysis
of VHH-Ub,-antigenic peptide conjugates and deconvoluted ESI-TOF mass spectra of VHH-UbZ-gploop.
VHH-Ub%" was conjugated to respectively Ub**-EAWGALANWAVDSA (2W1S), Ub**-ELAGIGILTV
(Melan), Ub*-GILGFVFTL (FluM1), Ub*-KVLEYVIKV (MAGE), Ub*<-FLIWQNTM (Casp5), Ub®-
SLLMWITQV (NYESO1) and Ub®*-YLEPGPVTA (gp100). (b) Schematic illustration of reporter Jurkat T cell
activation assay. In short, moDCs were generated, pulsed (1 h., 4 °C) with vaccine conjugate (VHH-Ub,-
gp100p) or non-targeting control (ntVHH-Ub,-gp100p), and washed. Subsequently, reporter Jurkat T
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cells were added in 1:5 ratio and incubated overnight followed by flow cytometry analysis. (c) Flow
cytometry analysis of CD69 expression. Data (N=3) are shown as mean *SD, paired T tests, **P<0.01,
*P<0.05, ns P>0.05.

Glycoprotein 100 (gp100) is considered a melanoma tumor-associated antigen of
which gp100,, ... (gplOOp) has been identified as an HLA-A*0201 binding epitope?®.
We therefore proceeded to examine the functionality of the human DC targeted anti-
DC-SIGN VHH-UbZ-gp100p by pulsing moDCs and subsequent incubation with reporter
Jurkat T cells recognizing the MHC I-gp100_ epitope complex®. Activation of the Jurkat
T cells was assessed by CD69 expression the next day and indicated that the VHH-Ub,-
gplOOp led to antigen presentation of the gp100 epitope by moDCs in a dose-dependent
fashion (Fig. 2b,c). Significant differences were observed between the DC-SIGN targeted
VHH-UbZ-gp100p and non-targeted variant, which demonstrates the potentiating effect
of receptor-mediated antigen uptake®®.

In a more physiologically relevant setting, we transfected primary CD8" T cells from
HLA-A*02:01* donors with a gp100, specific T cell receptor (TCR) (Supplementary Fig. S3)
to assess the efficacy of the VHH—sz-gpIOOp to induce HLA-A*02:01* moDC-mediated
activation of primary human T cells (Fig. 3a)®. Proliferation (Fig. 3b), activation (Fig.
3c,d) and cytokine secretion (Fig. 3e) of the T cells were assessed and showed a more
potent dose-dependent increase in the conditions where moDCs were pulsed with
anti-DC-SIGN VHH-UbZ-gploop compared to the non-targeted conjugate, indicating the
potential of nanobody-peptide epitope conjugates for the development of DC-targeting
vaccines in a human setting.
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Figure 3| Primary TCR-transfected CD8+ T cell activation assay for the validation of VHH-sz-gpIOOF.
(a) Schematic representation of primary TCR-transfected CD8+ T cell activation assay. HLA-A*02:01+
moDCs were generated and pulsed with 0.1-0.5-1 uM vaccine conjugate or 1 uM control condition for
1 h. at 37 °C. TCR transfected CD8+ T cells were added in 1:5 ratio and after 3 days, supernatant and
cells were harvested for analysis. Transfection efficiency is shown in Supplementary Fig. S3. (b-d) flow
cytometry analysis of CD8+ T cells. Division index was calculated for different conditions based on
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CTV signal (b). Data (n = 4) are shown as mean +SD normalized to positive control (gp100 peptide) for
CD25 (c), and 4-1BB (d). Paired T tests, ***P<0.001, **P<0.01, *P<0.05, ns P>0.05. (e) ELISA analysis
(n = 4) for IFNy. Data are shown as mean *SD normalized to positive control. Paired T tests, p-values
are noted in figure.

Discussion

In this work, we broadened the scope of ubi-tagging towards nanobody (VHH)-
conjugates for human DC-targeted antigen delivery. First, we showed that although
ubi-tag conjugation would significantly add to the molecular weight of the conjugate,
considering the size of a VHH of 15 kDa and the di-ubiquitin formed during ubi-tag
conjugation around 16 kDa, it does not hinder the binding of VHH towards its target.
This could be of additional benefit in therapeutic or diagnostic applications, as the
increase in molecular weight will contribute to an extended half-life of the VHH and
thereby enhance their efficacy®. Next, we proceeded to demonstrate that ubi-tagging
improves the solubility of nanobody-antigen conjugates for a library of notoriously
insoluble epitopes®®. Ubiquitin is one of the most stable and soluble proteins in
eukaryotes. Owing to these exceptional physicochemical properties, it is often used
as a solubility tag to enhance the solubility and expression yield of fused proteins
in bacterial expression systems by chaperoning for correct folding and reducing the
chances of protein aggregation during expression. With this in mind, we successfully
attempted to enhance the solubility of antigenic epitopes known for their extremely
poor solubility by chemically synthesizing these peptides fused to the C-terminus of
an acceptor ubi-tag. After successfully synthesizing and purifying these ubi-tag fused
peptides, we proceeded to conjugated them to a ubi-tagged VHH with a high reaction
efficiency, approaching completion in 30 minutes. Next, we validated the functionality
of the generated anti-DC-SIGN VHH-UbZ-gp100p as a human DC-targeting vaccine
in a reporter Jurkat T cell activation assay and a primary TCR-transfected CD8+ T cell
activation assay. In both assays, significant differences were observed in the results of
the DC SIGN targeted VHH-UbZ-gp100p compared to the non-targeted variant, and a
potent dose-dependent T cell activation was observed. The results obtained indicate
that ubi-tagging enhances the solubility of hydrophobic epitopes, and demonstrate that
it is feasible on nanobodies and that ubi-tagged nanobody-peptide epitope conjugates
are of interest to be further examined as DC-targeted vaccine vehicles in a human
setting.

Methods

General cell culture conditions

Jurkat T cells were cultured in T75 flasks in RPMI 1640 medium (ThermoFischer)
supplemented with heat inactivated fetal bovine serum (10%, Greiner Bio-One),
L-glutamine (4 mM, Gibco), non-essential amino acids (NEM) (1 mM, Gibco) and
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Antibiotic-Antimycotic (1%, Gibco). Cells were maintained at 37 °Cand 5% CO,, routinely
examined by morphology analysis and tested for mycoplasma.

Solid-phase peptide synthesis

Solid-phase peptide synthesis (SPPS) of Rho-Ub and Ub-peptides was performed
on a Syro Il Multisyntech Automated Peptide synthesizer (SYRO robot; Part Nr:
S002PS002; MultiSyntech GmbH, Germany) on a 25 umol scale using standard
9-fluorenylmethoxycarbonyl (Fmoc) based solid phase peptide chemistry. Both Ub
variants were synthesized based on the procedure described by El Oualid et al.'’
using a fourfold excess of amino acids relative to pre-loaded Fmoc amino acid trityl
resin (between 0.17 and 0.20 mmol/g, Rapp Polymere, Germany). Ub-peptides were
prepared as a linear synthesis, where the peptides listed below were synthesized
attached to the C-terminus of Ub. To prepare Rho-Ub, 5-carboxyrhodamine110 (Rho)
was coupled to the N-terminus of Ub following SPPS as described by Geurink et al*®. All
synthetic products were purified by RP-HPLC on a Waters preparative RP-HPLC system
equipped with a Waters C18-Xbridge 5 um OBD (10 x 150 mm) column. The purified
products were lyophilized and assayed for purity by high resolution mass spectrometry
on a Waters Acquity H-class UPLC with XEVO-G2 XS Q-TOF mass spectrometer and by
SDS-PAGE analysis.

Peptide Peptide sequence
2W1S EAWGALANWAVDSA
Melan-A, s om0 ELAGIGILTV
FIUMISS»GG GILGFVFTL
MAGE-AL, . KVLEYVIKV

Caspase . .o FLIIWQNTM
NY-ESO-15; 165, c165abu SLLMWITQAbu
gp100,, . YLEPGPVTA

Mass spectrometry

Mass spectrometry analysis was carried out on Waters ACQUITY UPLC-MS system
equipped with a Waters ACQUITY Quaternary Solvent Manager (QSM), Waters ACQUITY
FTN AutoSampler, Waters ACQUITY UPLC Protein BEH C4 Column (300 A, 1.7 um, 2.1
x 50 mm) and XEVO-G2 XS QTOF Mass Spectrometer (m/z = 200-2500) in ES+ mode.
Sample were run using 2 mobile phases: A = 1% MeCN, 0.1% formic acid in water and
B = 1% water and 0.1% formic acid in MeCN with a runtime of 14 minutes. In the first
4 minutes, salts and buffer components were flushed from LC column using 98% A and
2% B. In the next 7.5 minutes, a gradient of 2-100% B was used, followed by 0.5 minutes
of 100% B and subsequent reduction to 2% B and 98% A in 2 minutes. Data processing
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was performed using Waters MassLynx Mass Spectrometry Software 4.1, where the
mass was obtained by deconvolution with the MaxEnt1 function.

Protein expression and purification

The E1 ubiquitin-activating enzyme UBE1 carrying an N-terminal His-tag was expressed
from a pET3a vector in E. coli BL21(DE3) in autoinduction media for 2-3 hours at 37 °C,
after which the bacteria were allowed to grow overnight at 18 °C. Next, bacteria were
harvested and lysed by sonication, followed by His-affinity purification using Talon metal
affinity resin (Clontech Inc., Palo Alto, CA, USA). Subsequently, the protein was further
purified by anion exchange using a Resource Q column (GE Healthcare), followed by size
exclusion using a Superdex 200 column (GE Healthcare).

The E2/E3 enzyme chimera plasmid was obtained as a gift from dr. Vincent Chau
(Penn State, USA). The expression plasmid consists of the RING domain of the E3
ubiquitin ligating enzyme gp78 fused to the N-terminus of the E2 ubiquitin-conjugating
enzyme Ube2g2 in a PET28a-TEV vector.

The E2/E3 enzyme chimera was expressed and purified as described?. In brief, the
fusion protein was expressed in E. coli BL21(DE3) cells grown in LB at 37°C until OD,
= 0.4-0.6 and induced with 0.4 mM IPTG for 4 hours at 30 °C. The harvested cells were
lysed with Bugbuster protein extraction reagent (Millipore) according to manufacturer’s
protocol. The fusion protein was purified on Ni-NTA resin followed by size exclusion
using a Superdex 200 column (GE Healthcare). Next, TEV protease cleavage was carried
out overnight, and the cleaved fusion protein was further purified using a Resource Q
column (GE Healthcare).

Sequences for the different VHH-ubiquitin fusions were cloned in the Pet30b
vector and expressed in Rosetta-gami™ 2 (DE3) grown in LB medium at 37 °C until
an 0D, of 0.5 was reached and induced with 1 mM IPTG for 18 hours at 20 °C.
Next, the bacteria were harvested and lysed by sonication followed by Ni-NTA
purification. Subsequently, TEV protease cleavage was carried out to cleave the
N-terminal his-tag and the cleaved VHH-Ub was further purified by size exclusion
chromatography using a Superdex 200 column (GE Healthcare).

Ubi-tag conjugation reaction

Ubi-tag conjugation reactions were carried out in the presence of 0.25 uM E1 enzyme, 20
UM E2/E3 hybrid enzyme, 10 mM MgCIzland 5 mM ATP in PBS. For analysis of the reaction
efficiency by SDS-PAGE, an initial reaction sample was taken from the reaction mixture
prior to the addition of ATP. After the addition of ATP, the reaction was incubated at 37°C
for 30 minutes while shaking. Conjugation reaction samples were analyzed by quenching
2-5 uL of the reaction mixture in sample buffer supplemented with B-mercaptoethanol,
boiled for 15 minutes at 95°C and run on 12% Bis-Tris gels (Invitrogen) by SDS-PAGE
with MOPS as running buffer. Gels were stained using InstantBlue Coomassie Protein
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Stain (abcam) and imaged using Amersham600. Fluorescently labeled proteins were
visualized by in-gel fluorescence using Typhoon FLA 9500 imaging system (GE Life
Sciences) prior to staining with Coomassie. Small-scale reactions were carried out on
a scale corresponding to 2.5 pg VHH-Ub while large-scale reactions were carried out
on a 200 pg to 1 mg scale. For the purification of ubi-tagged VHH conjugates from the
reaction mixture, 100 pL HisPur™ Ni-NTA Resin was added to the completed reaction
mixture and incubated for 15 mins at 4 °C to capture the his-tagged E1 and E2/E3
enzyme, followed by centrifugation. The supernatant containing the Ubi-tagged VHH
conjugates was further purified using size exclusion chromatography using a Superdex
200 column (GE Healthcare).

Binding study VHH-Ub_-Rho

CHO cells transfected with DC-SIGN, WT CHO cells or day 6 moDCs (GM-CSF, IL-4) were
harvested and plated at 30,000 cells per well. VHH-Ub,-Rho was added in a dilution
series to the cells and the cells were incubated (30 min., 4 °C). Cells were washed and
fluorescence on alive cells was measured using a FACSVerse™ (BD Biosciences).

Jurkat T cell activation assay

moDCs from HLA-A*02:01 donors prepared as described below were harvested and
plated at 10,000 cells per condition. moDCs were pulsed (0.5 h., 4 °C) with vaccine
conjugates at 0.1, 0.5 or 1 uM. After the incubation, Jurkat T cells®® (50,000, 1:5
ration) were added and the co-culture was incubated (1 d., 37 °C). The cells were spun
down (1700 rpm., 2 min., 4 °C) and the cells were analyzed using a FACSVerse™ (BD
Biosciences).

Primary TCR-transfected T cell activation assay

Donor-matched PBLs were thawed and CD8* T cells were isolated using magnetic-assisted
cell sorting according to manufacturer’s protocol (CD8" T cell Isolation Kit, human,
Miltenyi Biotec). T cells were mRNA-transfected by electroporation with a TCR
recognizing the gp100,, ... epitope (YLEPGPVTA)*. Afterwards, cells were recovered in
X-VIVO, phenol free (Lonza) supplemented with 5% human serum. In tandem, moDCs
from HLA-A*02:01 donors prepared as described below were harvested and plated at
10,000 cells per condition. moDCs were pulsed (1 h., 37 °C) with vaccine conjugates at
0.1,0.5 or 1 uM. In tandem, transfected CD8"* T cells were stained with CellTrace™ Violet
(ThermoFischer) for 20 min. at 37 °C and recovered in X-VIVO supplemented with 2%
human serum. Then, moDCs were washed and transfected CD8* T cells (50,000) were
added. The moDC-CD8 T cell coculture was incubated (3 d., 37 °C). The cells were spun
down (1700 rpm., 2 min., 4 °C), supernatant was stored for ELISA analysis, and the cells
were analyzed using a FACSVerse™ (BD Biosciences).

109



Chapter 4

moDCs generation

Buffy coats were obtained from Sanquin (Nijmegen, The Netherlands) and diluted to
200 mL with PBS supplemented with 2 mM EDTA. The suspension was divided over
conical 5 x 50 mL tubes and 10 mL of Lymphoprep (07851, Stemcell) was added below.
Cells were spun (20 min., rt, 2100 rpm., brake (3,1)). Afterwards, PBMCs were collected
and washed with wash buffer (1% human serum, 2 mM EDTA in PBS) until supernatant
was clear. Then ACK lysis was performed by adding 5 mL ACK buffer (150 mM NH,CI, 10
mM KHCO,, 0.1 mM EDTA, pH=7.4) for 5 min. at room temperature. Afterwards cells
were washed with PBS and CD14" monocytes were isolated using magnetic-assisted
cell sorting according to manufacturer’s protocol (CD14 MicroBeads UltraPure, human,
Miltenyi Biotec). Flowthrough PBLs were stored, while CD14* monocytes were seeded
at 8-12e6 cells per T75 flask in 10 mL X-VIVO (Lonza) supplemented with 2% human
serum, 300 U/mL IL-4, and 450 U/mL GM-CSF. At day 3, medium was refreshed. At
day 6, moDCs were harvested and used in experiments.

ELISA
Supernatant was stored at -20 °C and thawed for ELISA analysis. Manufacturer’s protocol
was followed for hIFNy (IFN gamma Uncoated ELISA kit, Invitrogen).
Flow cytometry and antibodies

For FACS analysis, cells were washed with PBS, followed by life/death staining
(20 min., rt) in 50 uL eBioscience™ Fixable Viability Dye eFluor™ 780 (1:2000,
ThermoFischer). Cells were washed once with PBA and antibody mixes were added (30
min., 4 °C). Cells were washed twice with PBA, taken up in 100 pL PBA and FACS analyses
were performed on a FACSLyric™ (BD Biosciences) or a FACSVerse™ (BD Biosciences).
The following antibodies were used for staining: hCD8 (1:20 dil., APC, clone RPA-T8, BD
Biosciences), hCD25 (1:50 dil., PE/Cy7, clone BC96, BioLegend), hCD69 (1:20 dil., PerCP,
clone L78, BD Biosciences), h4-1BB (1:20 dil., PE, clone 4B4-1, BD Pharmingen).
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S1 Conjugation of ntVHH-Ub®" to or Rho-Ub®<. SDS-PAGE analysis visualized by Coomassie Blue
staining. The generated Rho-Ub,-ntVHH was isolated from the reaction mixture and its purity assessed
using ESI-TOF mass spectrometry.
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S2 Binding assay of VHH-Ub,-Rho on moDCs. moDCs were incubated (30 min., 4 °C) with rhodamine-
labed anti-DC-SIGN VHH (VHH-Ub,-Rho) or anti-ALFAtag VHH (ntVHH-Ub,-Rho). Fluorescence was
assessed using flow cytometry. Data (N=3) are shown as mean +SD with a curve fit (Sigmoidal, 4PL, X
=log(conc.)).

111



Chapter 4

Transfection efficiency Fig 3a

gp100-specific TCR expression

250k DonorA @ ] DonorB W ] DonorC A |] DonorD ¢
200k 4 & K ]
< 150k 4 N b ]
2 Before
® 100k ] N N ]
50k 3 173 |7 " 258 |l 358 |7 425
0 T e e e e
250k B ] H
200k 4 4 1
£ 150k 1 1 i After
O
@ 100k4 3 2 4 24 h.
50k~ 702 |3 721 || 558 | 64.0
e | e B S N
0 100 10 10° 0 10° 104 10° 0 100 104 10° 0 10° 104 10°
Comp-PE-A Comp-PE-A Comp-PE-A Comp-PE-A

S3 Transfection efficiency of TCR on primary CD8* T cells after 24 h. Transfection efficiency of TCR was
analyzed by dextramer staining. After 24 h. transfection effeciencies were 68.5%, 69.5%, 52.2% and
59.8% for donor A, B, C and D respectively.

AE - 230126 - DC VHH

1. TOF MS ES+
TIC

AE - 230126 - DC VHH 161 (5.385) Cm (160:175)
11088707

1:TOF MS ES+
16506

AE - 230126 - DC VHH 161 (5.395) M1 [EvO,124] (Gs.0.750,612:2500,1.00 L
24375.0020 11608

540
100, 100 100
2658 10006603, | 1108 9652
11617218
1080202
11617637
Py 1219.7601
1263.643
VHH-Ub®" = * o 1283 9467 #
arsstts.| 1385.0627
| 9383527
\ 9383151 -
lt || 121870010 243510020 24474.0020
. t ‘
45 500 750 1000 1250 1500 1750 2000 2280 10000 15000 | 20000 | 25000 30000 | 36000 40000

AE - 230127 - DG VHH Rho
1004

Rho-Ub,-VHH =

1: TOF MS ESt
TIC

22468

AE - 230127 - DG VHH Rho 165 (5.430) Gm (164:173)
844

7381532

£

8050781 983.8715

B3.9742
5840808

1106 5955

1106.9768
107.0004

o7,
12648176
12652544

e L

1. TOF MS ES*
43168

AE - 230127 - DG VHH Rho 165 (5.430) M1 [Ev-670036 1t19] (Gs0.750,531
33203.0000 40166

100

166010000
103210010 ‘ 170640000
] I

326540020 332540000

AE - 230124 - Alfa VHH

1: TOF MS ES+
TIC

600 800 1000 1200 1400 1600

AE - 230124 - Alfa VHH 164 (5.421) C (163:174)
11435

miz
1800 2000

1: TOF S ES+
25486

10000

mass
15000 20000 25000 30000 35000 40000

AE - 230124 - Alfa VHH 164 (5.421) M1 [EV-637818.1t17] (Gs.0.750,707:237%
23626.0000 105

100 o100 100
3312105 10839307
1083, 36,5077
1036.7986 | || | 1192.3204
ntVHH-Ub®" *| 1036.7+ 11923799 *|
9936026 12550624
9529410
647 9538651
681
s7e e | of L | h L 3679.0000
T T T ey Time bbby Baamsnananneamsmanan miz T b mass
4% | 500 | 550 600 650 500 1000 1500 2000 15000 | 20000 25000 | 30000 | 95000 40000
AE -230126 - Affa VHH Rho 1: TOF MSES+ AE - 230126 - Alfa VHH Rno 166 (5.438) Cm (163:172) 1 TOF MS ES+ AE -230126 - Alfa VHH Rho 166 (5.436) M1 [EV-975357,121] (Gs.0.750,496:
100, TC g0 805.1604 653,855 82086 100, 326540000 23167
5338 805,067
7382310 11087180
1106.8407
Rho-Ub,-ntVHH -
77 1068631 163260000
I 7378974 1107.0857
6814420
| 1107.2220 [s2754.0000
\ 7 1264.9634 32330.0000
R os12177 e 17063.0000 °
= — = e WLl )
Time miz mass
450 | 500 550 | 800 | 850 500 1000 1500 2000 15000 | 20000 | 25000 | 20000 35000



Nanobody ubi-tag conjugates for translation to human DC targeted antigen delivery

S4 LC-MS analysis of VHH-Ub%" and ntVHH-Ub®" conjugation to Rho-Ub** forming Rho-Ub,-VHH
and Rho-Ub_-ntVHH, respectively. Total ion chromatograms (left), ESI-TOF spectra (middle) and

deconvoluted ESI-TOF mass spectra (right).

AE 200417 Vb U s TEV 1 AE 290417 VKU st TEV 164 (6.421)C (183172 1 TOF AE 30017 -UH#-Us st TEV 1645 421) M1 E4-722426,127) G3 0750
o8 s et
10 | 100 1108.8552 | 11089915 100
wnesso] | 1617478
975.8500 1219.8298
_|Jpdon 546 5758734, 1283.9302
VHH Ub * \ * 975.8350. 1355.0914 *
P s 2er2
w00t
s7esss o -
[ - Time [ by 0 - mass
450 5.00 550 8.00 850 500 1000 1500 2000 15000 20000 25000 30000 35000 40000
o oo s e O
ersuis
ozsizt
wsouts
asaess
VHH-Ub,-gp100 = * 0676180 | |1/ | 13022167 *
940.7740 1354.2672
I 688 LT 1880.6005 33933.0000
o Time o AL B v, o
w0 sm sk ek es S oo o o fiooo auhoo | mseen | w0 | asbw | 4oses
o oo iz 3 e 200 300
3312105 10839307
1083.6363.| |- 11355077
e
_Ubsen 1022204
NtVHH-Ub®™" * w7106 || | 11923759 =
ssa0001
o e o
450 5.00 1000 1500 2000 15000 20000 25000 30000 35000
AE - Za0620- Zachd 19167 (847G (166175) I TOFMSES  AG-230820-Zacatd 167 (5447) M1 [Ev13418.20] G50
o {iostrs e e
orasans| | 11685702
10411289 ||| 1233 711
oumsos ||| | 12811087
ntVHH-Ub,-gp100 . .
“
279.1054 g5 599 122 33313.0000
\ o 8% ““J sz 166430000 22255 0000
ol - - 2 Time WAL L - o L
450 5.00 550 6.00 650 500 1000 1500 2000 15000 20000 25000 30000 35000 40000

S5 LC-MS analysis of VHH-Ub®™" and ntVHH-Ub®" conjugation to Ub*-gp100p forming VHH-Ub,-
gp100p and ntVHH-Ub,-gp100p, respectively. Total ion chromatograms (left), ESI-TOF spectra (middle)
and deconvoluted ESI-TOF mass spectra (right).

Table S1 VHH-Ub®" sequences. Table displays protein sequences of VHH-Ub®" used. The N-terminal
His-tag can be removed by TEV-protease to obtain the VHH-linker-ubiquitin construct. The sequence
for the anti-DC-SIGN VHH was obtained in house, whereas the sequence for the anti-ALFAtag VHH was
obtained from literature.

Sequence
MGSSHHHHHHHHHHSSGENLYFQG

MQVQLVESGGGLVQAGGSLRLSCVVSGRTFNLYPMGWFRQTPGKEREFVAA
LSQDGLSKDYADSNGLSKDYADPVKGRFTISGDNAKHTLYLHMNSLEPDDTAV
YYCASGSLLRPVSRSRTDYGYWGQGTQVTVSS

GGGGSGGGGSGGGGSMAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPP
DQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG*

His-tag + TEV
anti-DC-SIGN-VHH

Linker-Ub%"

His-tag + TEV MGSSHHHHHHHHHHSSGENLYFQG
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anti-ALFAtag-VHH MGSGDASDSEVQLQESGGGLVQPGGSLRLSCTASGVTISALNAMAMGW
YRQAPGERRVMVAAVSERGNAMYRESVQGRFTVTRDFTNKMVSLQMD
NLKPEDTAVYYCHVLEDRVDSFHDYWGQGTQVTVSS

Linker-Ub®" GGGGSGGGGSGGGGSMAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGI
PPDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG*
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Abstract
Chemical protein synthesis has proven to be a powerful tool to obtain homogenously

modified proteins. The chemical synthesis of nanobodies (Nbs) would open up
opportunities to design tailored Nbs with an array of chemical modifications such
as tags, reporter groups, and small molecules. In this study, we describe the total
chemical synthesis of a 123 amino-acid Nb targeting GFP. We applied a native chemical
ligation— desulfurization strategy to successfully synthesize this GFP Nb, modified with
a propargyl (PA) moiety for on-demand functionalization. Biophysical characterization
indicated that the synthetic GFP Nb-PA was correctly folded after internal disulfide
bond formation. Subsequently, we functionalized the synthetic Nb with either a biotin
or a sulfo-Cyanine5 dye by copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC)
chemistry, resulting in two distinct probes. We used these probes for functional in vitro
validation of the synthetic Nb in pull-down and confocal microscopy applications.

Introduction

Camelid species produce unique heavy-chain 1gG antibodies consisting of a single
antigen-binding variable heavy-chain domain (V H) only, also referred to as nanobodies
(Nbs).2 These Nbs have unique properties such as their small size (~15 kD), robustness,
high solubility, and monomeric nature, making them ideal for structural, cell, and
developmental biology research tools.>® Moreover, their high affinity (nM range)
for targets, easy tissue penetration, and low immunogenicity make them promising
candidates for new therapeutics.>* Accordingly, much interest has been raised in
functionalizing Nbs for various applications such as diagnostic tools, Nb-drug conjugates,
and bivalent Nb conjugates.!! Traditionally, Nbs are produced via recombinant protein
expression, which easily provides functional Nbs but limits modification possibilities
that are often based on using NHS- or maleimide chemistry, resulting in unselective
chemical labeling that could drastically compromise the affinity of the Nb towards its
target. We imagined that the chemical synthesis of a Nb would accelerate the process
of generating homogeneous Nb-conjugates, considering that the chemical synthesis
of proteins offers greater freedom of modification with both natural and unnatural
amino acids.’ Many functional groups suitable for chemoselective labeling could be
thus easily introduced at defined, non-interfering regions of the Nb through a synthetic
approach. Furthermore, since the structure of Nbs is highly conserved, it is an attractive
protein for generic chemical synthesis that could pave the way for a modular synthetic
approach that, with minor customization, could be broadly applied to a multitude of
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nanobodies. The general Nb structure comprises nine B-strands organized in a four- and
a five-stranded B-sheet forming the conserved framework regions (FRs), connected via
the complementarity determining region (CDR) loops and a conserved disulfide bond
(Fig. 1).2*'* The specificity for its target is obtained through the three CDRs at the ends
of the variable domains. The long CDR3 loop contributes the most significantly to the
specificity and affinity of the Nb. As a proof-of-concept, we selected a nanobody against
GFP (referred to hereafter as GFP Nb), aiming to validate a synthetic approach that
could prove useful within multiple applications.®

Considering the importance of the N-terminal clustering of the CDR loops in the
affinity of Nbs towards their targets (Fig. 1), we envisioned that incorporating a propargy!
moiety at the C-terminus would be ideal for later modifications using copper-mediated
azide-alkyne cycloaddition (CuAAC) chemistry which uses mild, near physiological
reaction conditions.® In this study, we present a native chemical ligation-based synthesis
for the generation of a functionalizable GFP Nb. The on-demand conjugation of the
synthetic Nb results in easy access to Nb-conjugates in a versatile manner. We applied
this for the conjugation of either an affinity tag or a fluorescent moiety, which we used
for pull-down and confocal microscopy experiments, respectively.

CDR 1
N-Terminus
CDR 3

CDR 2

Conserved
disulfide bridge

C-Terminus for
modification

Figure 1| Structure of GFP Nb (PDB: 30GO). Indicated are the CDR domains in purple, the conserved
disulfide bridge in yellow, and the C-terminus as a point of modification.

Results and discussion

Total chemical synthesis of GFP-Nb

Although the GFP Nb is relatively small, containing 123 amino acids, the B-sheet-rich
structure is known to increase the likelihood of aggregation, on-resin and in-solution,
during Fmoc-based solid-phase peptide synthesis (SPPS).Y Initial investigations proved
that a three-segment NCL approach was necessary for the synthesis of the GFP Nb.® The
GFP Nb contains two native Cys residues, of which only one, however, is located at an
appropriate potential ligation position (Cys, )(Fig. 2A). Therefore, NCL-desulfurization
chemistry was chosen to assemble the Nb as an Ala-to-Cys mutation could facilitate a
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NCL position that could be converted back to the native Ala using radical desulfurization
post NCL. Accordingly, we envisioned using the acetamidomethyl (Acm) group to protect
the other native Cys and prevent unwanted thioesterification or desulfurization during
the construction of the GFP Nb. Our strategy for the synthesis of GFP Nb is outlined in
Figure 2B, where we divided the polypeptide sequence into three fragments. Thioester
fragment GFP Nb_ . (1), hydrazide fragment Cys-GFP Nb_  (2), and Cys-GFP Nb, ..
(4) were all prepared according to Fmoc-SPPS strategy on hydrazide or 2-chlorotrityl
resins.?

Peptide 1 and 2A were prepared as hydrazides for subsequent (in-situ) activation and
thiolysis. Peptide 1 was synthesized with a final yield of 9 % (Fig. S1). For the synthesis
and purification of peptide 2, four pseudo-proline building blocks were incorporated
during SPPS (underscored in Fig. 2A and Table S2), and the Fmoc was retained at the
N-terminus of the peptide to enhance purification efficiency, resulting in 13% yield for
2A (Fig. S2). Peptide 4 was synthesized with a GT iso-acyl dipeptide (underscored in
Fig. 2A) incorporated to increase the solubility and improve the purification process,
resulting in pure peptide (7% yield)(Fig. S3).

a c
MQVQLVESGG ALVQPGGSLR LSCAASGFPV NRYSMRWYRQ

APGKEREWV*°,

CNVN VGFEYWGQGT QVTVSSKHHH NCL1and2 1

- t=0h
HHH )
b . T
HS. H o
Fmoc\N)\“/ GFP Nb 5165~ i
N . -

o d NCL 1and 2
" HQQ/ t=16h
l 6M Gdn HCI, 0.2M phosphate,

20% piperidine, pH 11.0
Acm

s Lo o s o NCL3'and4
”\:*s’\/‘\s':gm; * HQN)ﬁ( GFP Nb 5105 -, t=0h
A~ o
1 2 HO/O/

\ 1.NCL (3A)

3

2. Desulphurization (3B)
3. Acm deprotection NCL 3’ and 4
t=16h

Hs.
o9 v 9
GFP Nb 1-48 “JNJ}( GFP Nb 51:95 - A,
Ao g

3: 54 % yield over 3 stepsH© Purified 5

HS 1. Thioesterification

)\(GFP Nb 98-123+ pse*n’\ \ 2.NCL

g
{ GFP Nb 1-48 \)L J\n/ GFP Nb 51-95 ’N\)L )\/GFP Nb 98- 123\PEG N

HO'

Folded 5

5: 36% yield over 2 steps

5 10 15

Figure 2| (a) Sequence of GFP Nb, with underlined pseudo-proline dipeptides and iso-acyl dipeptides
used in SPPS. (b) Synthetic strategy for obtaining GFP Nb. The complete synthetic approach is shown
in Scheme S1-5 in the supplementary information. (c) UPLC analysis of the NCL of 1 and 2, the NCL
of 3 and 4, purification of 5 and folding of 5. ‘ indicated MPAA thioesters, * indicates dibenzofulvene
adduct, # indicates MPAA disulfide adduct.
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For the NCL of peptide 1 with peptide 2, we used a one-pot Fmoc deprotection
and NCL strategy described by Kar et al.?° via in-situ preparation of 2 from 2A (Fig. 2C,
S4 and S5). After NCL between 1 and 2, the Cys residue in the resulting conjugate was
desulfurized to yield the native Ala residue, followed by an Acm deprotection step
to liberate the N-terminal Cys leading to 3. The one-pot thioesterification of 3 and
ligation to 4, yielded final GFP Nb product 5 that was obtained in 36% yield after HPLC
purification (Fig. 2C, Fig.S8-9).

Chemically synthesized GFP Nbs show comparable folding to expressed GFP Nbs
With the full-length GFP Nb__ -linker-PA in hand, we continued to the folding step,
including disulfide bond formation. The folding was carried out by stepwise dialysis in
phosphate buffered saline (PBS). Spontaneous disulfide formation did not occur within
48 hours in PBS, so 2,2’-Dithio-dipyridin (DTP)?*??, a known disulfide bond formation
accelerator, was added. Indeed, after the addition of 1 mM DTP to the folding buffer,
initiation of disulfide bond formation was observed after 1 hour and completed within
16 hours, as observed in the high-resolution mass spectrum by the loss of 2 Da (Fig 3A,
3B and S10). To confirm the proper folding of the chemically synthesized and folded
GFP Nb (5), we conducted circular dichroism (CD) experiments. The synthetic GFP Nb
exhibited absorptions of B-sheet structures similar to the recombinantly expressed GFP
Nb?>, indicating that their folding is comparable (Fig. 3C).

a b
= 13980.8 = . 13978.8
5 1007 100 é 1007 100 Hoas
= z = =
2 g 2 5
[0] E 50 ?;47.76 Q 3%
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o E: ° E
> Y >
= 500 1000 1500 2000 2500 = 1000 1500 2000 2500
] mass (m/z) < mass (m/z)
[0) [0]
h'd x
04 e P Aaanaany] 0t e e
8000 10000 12000 14000 8000 10000 12000 14000
mass (da) mass (da)
c d
5 — GFP Nb Ref E 1.0 — 100 nM Expressed
£ 10000+ GFP Nb 5 £ — 10 nM Expressed
e o — 1 nM Expressed
*; 5000 s 05 — 0 nM Expressed
g 3 100nM 5
[0]
>
z 0 R 10nM 5
5 \_/" . 1nM 5
T T T Bl e e A RRARARA] 0onM 5
200 210 220 230 240 0 200 400
nm Time (s)

Figure 3| (a) Deconvoluted mass spectrum and ESI Mass spectrum (inset) of unfolded 5. (b)
Deconvoluted mass spectrum and ESI Mass spectrum (inset) of folded 5. (c) Circular dichroism spectra

comparing recombinant and synthetic GFP Nb. (d) Bio Layer Interferometry analysis of folded 5 in
comparison to expressed GFP Nb.
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Chemically synthesized GFP Nbs retain antigen-binding affinity

To determine the affinity of the synthetic GFP Nb 5 to its target protein GFP and
compare it to that of the recombinantly expressed GFP Nb, biolayer interferometry
(BLI) experiments were performed. The C-terminal His-tag on both the expressed and
synthetic Nb was used to immobilize the Nbs on Ni-NTA biosensor tips, and untagged
GFP was used as the analyte at concentrations ranging from 1 nM to 100 nM. With this
setup, the expressed and synthetic GFP Nb showed similar binding profiles (Fig 3D)
and affinities of 1.12 and 1.11 nM, respectively. These values are in agreement with
previously reported data in literature (1.4 nM).?®

On-demand functionalization of GFP Nb-PA

Next, we wanted to show the adaptability of the fully synthetic Nb as a chemical tool
by modifying the C-terminal propargyl moiety using a bio-orthogonal labeling strategy.
Accordingly, we used copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC) chemistry
to functionalize the synthetic Nb with an azide-functionalized biotin molecule for the
purpose of pull-down experiments (Fig. 4A). Unfolded, purified 5 was reacted with
biotin-azide using mild reaction conditions (3 mM CuSO,, 10 mM sodium ascorbate,
and 2 mM tris-(hydroxypropyltriazolylmethyl)amine (THPTA)) to form the GFP Nb-biotin
conjugate (6) (Fig. S11). After the CuAAC, the synthetic Nb was folded as described
previously for compound 5, removing all additives from the CuAAC reaction during the
dialysis step. In addition, we envisioned that modification of 5 with sulfo-Cyanine5-
azide (Cy5) would lead to the opportunity to validate the proper functioning and target
binding of our Nb by co-localization of the Nb with GFP-tagged proteins in cells using
confocal microscopy. Hence, we used the same procedure to synthesize a GFP Nb-Cy5
conjugate (7)(Fig. S12). Next, we measured CD to warrant the correct folding of the
functionalized Nbs (Fig. 4B, S13) and continued with CD denaturing experiments to
investigate the stability of the synthetic Nb-conjugates carrying two different payloads
compared to the expressed GFP Nb. Both Nb-conjugates showed a similar denaturing
pattern as the expressed GFP Nb, indicating that the introduction of C-terminal cargo
onto the Nb did not alter its biophysical properties (Fig. $14-S16).
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Figure 4| (a) Functionalization of synthetic Nb 5. Nanobody structure PDB:30GO17 (b) Circular
Dichroism of expressed GFP Nb, synthetic GFP Nb conjugates 6 and 7.
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Synthetic GFP Nb is functional as an in vitro research tool

Next, we wanted to assess the functionality of Nb conjugates 6 and 7 as research tools
in in vitro assays for the recognition of GFP-labeled proteins. First, we set out to validate
the binding of the synthetic GFP Nb to GFP-fusion proteins in a complex protein mixture
by performing a pull-down assay. For this purpose, we decided to use the MelJuSo cell
line established in our lab? that stably expresses GFP-tagged small GTPase Rab7, a
central regulator of membrane trafficking in multiple directions.?* Hence, we incubated
the GFP Nb-biotin conjugate (6) with cell lysate of MelluSo cells expressing GFP-Rab7
to perform a pull-down assay. To ensure GFP-specific binding, we used WT MelJuSo
cells that did not express GFP-Rab7 as a negative control. After two hours of incubating
conjugate 6 with the cell lysates of both GFP-Rab7 MelluSo or WT MelJuSo, we were
able to selectively pull down the GFP-Rab7 protein from the cell lysate showing a
signal around 55 kDa, equal to the molecular weight of GFP-Rab7 (Fig. 5A). Negligible
background signal confirms the selectivity of the synthetic GFP Nb for GFP over other
proteins present in the cell lysate (Fig. S18).
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Figure 5| (a) Western blot analysis of the pull-down of GFP-Rab7 from cell lysate using GFP Nb-biotin
conjugate 6. The signal around 25 kDa is GFP as a result of protein degradation. (b) Confocal images of
MelJuSo cells expressing GFP-Rab7 in the presence of GFP Nb-Cy5 7. (c) lllustration of a cell highlighting
the cellular compartments visualized in B.

We also tested the synthetic GFP Nb in a confocal microscopy setting, where we used
GFP Nb-Cy5 conjugate 7 to examine co-localization with GFP-tagged proteins located in
different cellularcompartments (cytoskeleton, endoplasmicreticulum (ER), peroxisomes,
endosomes, mitochondria, and golgi). For this, MelJuSo cells were transfected with six
different plasmids encoding for GFP tagged Actin, VAMP-Associated Protein A (VAPA),
Peroxisomal biogenesis factor 3 (PEX3), Rab7, Protein tyrosine phosphatase interacting
protein 51 (PTPIP51) and Oxysterol binding protein (OSBP-PH) proteins (Fig. 5B and C).
The cells were fixed, and the membranes were permeabilized before incubation with the
conjugate 7 for 1 hour. The incubation of the transfected MelluSo cells with 7 resulted
in a complete overlap between the GFP signal and the Cy5 signal, indicating the co-
localization of the synthetic Cy5-Nb with the GFP tagged proteins (Fig. 5B). The staining
with conjugate 7 resulted in a strong signal in each of the tested cell compartments with
minimal background, indicating full target engagement of our synthetic Nb (Fig. 5B).
The ability to visualize GFP fusion proteins at various cellular locations further efficiently
showcases the broad applicability of the synthetic Nb.

Conclusion

In conclusion, we have developed a practical native chemical ligation-based synthetic
approachforthe generation of a synthetic GFP Nb ready for on-demand functionalization.
With this method, we can obtain homogenous batches of labeled Nb by selectively
labeling the Nb using CUAAC without altering the properties of the Nb, such as folding
or thermo-stability. This technology was successfully applied to modify the GFP-Nb with
either a biotin or a fluorophore, which were used in pull-down and confocal microscopy
experiments, respectively. The Nb labeling is performed without compromising the
antigen-binding site, making this method also applicable for Nbs containing a Cys
residue in their CDR domains, that could be jeopardized during conventional maleimide
based modification strategies. In addition, easy modification of the CDR3 domain can
be obtained because it is introduced in one of the final synthesis steps in our native
chemical ligation based synthesis scheme. We envision that with this protocol in hand,
Nbs against other targets can be synthesized using a similar strategy due to the high
sequence and structure similarities between Nbs. This methodology could potentially
alsobe applied to the streamlined preparation of Nb drug-conjugates or (heterogeneous)
Nb multimers. Moreover, unnatural amino acids can be easily introduced through the
SPPS protocol, e.g. to confer stability of the Nb against degradation in vivo and broaden
the applicability of this protein scaffold.?
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Methods
General procedures

Materials and solvents

Reagents were obtained from Sigma-Aldrich of the highest available grade and used
without further purification. Standard Fmoc-protected amino acid derivatives were
used and purchased from Gyros Protein Technologies unless mentioned otherwise.
Fmoc-Cys(Acm)-OH and resins for SPPS were obtained from Novabiochem (Merck
Millipore), Apigenex and PCAS Biomatrix. Pseudo-proline dipeptides were obtained
from Corden Pharma or Bachem. Iso-acyl dipeptides were obtained from AAPPTec.
Solvents for SPPS were obtained from Biosolve. VA-044 was procured from Wako Pure
Chemical Corporation. Oxyma Pure® was purchased from Gyros Protein Technologies.
HPLC grade acetonitrile was obtained from Merck.

Analytical methods

LC-MS conditions

LC-MS measurements were performed on a Waters Acquity UPLC H Class system,
Waters Xevo G2-XS QTof with a Waters Acquity BEH 300 A, C4, 1.7 um, 2.1 mm x 50 mm
(0.4 mL/min). Samples were run at 60 °C using 3 mobile phases: A = 0.1 % formic acid
in MilliQ water, B = 0.1 % formic acid in acetonitrile and C = 0.01 % TFA in MilliQ water
with a gradient of 5 to 25% B over 1 min, 25 to 65 % B over 6 min followed by 65 to 95
% B over 0.5 min maintaining a composition of 5% C throughout. Data processing was
performed using Waters MassLynx Mass Spectrometry Software V4.2 (deconvolution
with MaxEnt | function).

Analytical UPLC conditions

UPLC measurements were performed on a Waters Acquity UPLC H Class system with a
Waters Acquity BEH 300 A, C4, 1.7 um, 2.1 mm x 100 mm (0.4 mL/min). Samples were
run at 40 °C using 2 mobile phases: A = 0.05 % TFA in MilliQ water and B = 0.05 % TFA
in acetonitrile with a gradient of 5 to 50 % B over 20 min followed 50 to 95% B over 0.5
min. Data processing was performed using Empower software.

Quantification

Charged Aerosol Detection (CAD)

Purified samples were quantified using a Thermo Scientific Vanquish, Corona Veo CAD.
Samples were run on a Acquity BEH 300 A, C4, 1.7 um, 2.1 mm x 50 mm at 40 °C using
2 mobile phases: A =0.1 % TFA in MilliQ water and B = 0.1 % TFA in acetonitrile with a
gradient of 0 to 80 % B over 7 min.
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Solid Phase Peptide Synthesis (SPPS)

Preloading 2-chlorotrityl resin

2-Chlorotrityl resin (0.57 mmol/gram) was swollen in dry DCM for 30 minutes. A solution
of Fmoc-AA-OH (1 equiv.) in dry DCM and DIPEA (4 equiv.) was added, and the resin
was shaken for 30 minutes. The resin was washed with DCM twice before capping the
remaining trityl groups with methanol/DIPEA/DCM 17:2:1, v/v/v. The resin was dried in
vacuo prior to the determination of the estimated loading of the first amino acid.

Automated Fmoc SPPS

SPPS was performed on a Symphony X (Gyros Protein Technologies) automated peptide
synthesizer using standard 9-fluorenylmethoxycarbonyl (Fmoc) based SPPS. Fmoc
deprotection was achieved with 2 x 10 min. treatment of 20 vol. % piperidine, 0.1 %
Oxyma Pure® in DMF. Peptide couplings were performed using DIC/Oxyma. Amino
acid/Oxyma solutions (0.3 M/0.3 M in DMF) were added to the resin at 4-6-fold excess
together with equal equivalents of DIC (1.5 M in DMF). The coupling time was 2 hours
unless specified otherwise. All dipeptide building blocks were coupled for 4 hours. The
residual free amino groups after the coupling reaction were capped by the addition of
collidine (3.3 equiv., 1.5 M in DMF) and acetic anhydride (11 equiv., 1.0 M in DMF) and
were reacted for 20 minutes. After the final Fmoc deprotection the resin was washed
with DMF and DCM.

Global deprotection from the resin and side chain deprotection

Polypeptide sequences containing a cysteine residue were detached from the resin
and deprotected by treatment with Reagent K (TFA/phenol/H,O/thioanisole/EDT,
82.5:5:5:5:2.5 v/v/v/v/v) for 2-3 hours followed by precipitation in ice cold diethylether
and collection by centrifugation. Polypeptide sequences containing methionine residues
were detached from the resin and deprotected by treatment with TFA/TIPS/H,0/DCM/
NH,I/DTT, 87:5:2.5:2.5:0.5:2.5, v/v/v/v/v for 2-3 hours followed by precipitation in
ice cold diethylether and collection by centrifugation. The pellet was resuspended in
diethylether before being collected by centrifugation again. The pellet was dissolved
and lyophilized from HZO/CH3CN/AcOH, 65:25:10, v/v/v before purification.

Preparative HPLC purification

Preparative purification was performed on a Gilson HPLC system using a reversed phase
HPLC column as specified in the experimental section. Elution was performed using
2 mobile phases: A = 0.1 % TFA in MilliQ water and B = 0.1% TFA in acetonitrile using
a linear gradient. Fractions were collected using a Gilson fraction collector. Relevant
fractions were assessed by LC-MS and pure peptide was pooled and lyophilized.
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Nanobody characterization

The construct for GFP Nb was obtained from addgene (49172) and expressed as
described previously by Kubala et al.*> In brief, protein expression was conducted
in E. coli strain BL21(DE3) in a flask containing LB medium and grown to an OD_ of
0.5 at 37°C, and then, protein expression was induced using 0.5 mM IPTG. Further
fermentation was carried out at 20°C for 20 h. Resultant cell mass was harvested by
centrifugation, disrupted by sonication, and subjected to centrifugation to remove cell
debris. The cleared cell lysate was subjected to HisTrap affinity purification followed
by size-exclusion fractionation (Superdex 75) using an Akta Purifier FPLC system (GE
Healthcare).

Cell culture and pull-down of overexpressed GFP-Rab7

MelJuSo (human melanomas) cell lines stably expressing GFP-Rab7 were kindly gifted by
A.Sapmaz (LUMC, Leiden) and WT MelluSo cells, kindly provided by Prof. G. Riethmuller
(LMU, Munich).?® The cells were lysed in lysis buffer (0.8 % NP40, 150 mM NacCl, 50 mM
Tris-HCl pH 8.0, 0.05 mM MgCl, + protease inhibitor) followed by brief sonication. Cell
debris was removed by centrifugation. Next, 5 pg of biotin tagged synthetic GFP Nb
was added to cell lysates of both GFP-Rab7 expressing cells and WT cells and incubated
by rotating for 2 hours at 4 °C. Thereafter, high capacity neutravidin beads (Thermo
Scientific, Cat# 29202) were added and incubated by rotating for 1 hour at 4 °C. The
beads were extensively washed with lysis buffer and after completely removing the
washing buffer, SDS sample buffer supplemented with 2-mercaptoethanol was added
to the beads and boiled at 95°C. The proteins were separated by SDS-PAGE followed by
western blotting and detection by ponceau s followed by antibody staining using rabbit
anti-GFP antibody?’ followed by IRDye 800CW goat anti-rabbit I1gG (H + L) (Li-COR, Cat#
926-32211). The signal was detected using direct imaging by the Odyssey Classic imager
(LI-COR).

Confocal microscopy

Melluso cells were seeded into 24-well plates containing glass coverslips to achieve
40-50% confluency the following day. Cells were transfected with the DNA plasmids
in table 1 using X-tremeGENE HP (Roche Cat# XTGHP-RO) according to manufacturer’s
instruction and cultured for 18-24 hours. Next, the cells were fixed in 3.7% formaldehyde
in PBS for 20 min and subsequently permeabilized using 0.1% Triton X-100 in PBS for
10 min. After permeabilization, cells were blocked using 5% (w/v) skim milk powder in
PBS for 30 min and incubated with 1 ug Cy5-labelled synthetic Nb (7) in blocking buffer
for 1 hour at RT. Next, cells were washed and mounted using ProLong Gold antifade
Mounting medium with DAPI (Life Technologies, Cat# P36941). Samples were imaged
using Leica SP5 or SP8 microscopes equipped with appropriate solid-state lasers, HCX
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PL 63x magnification oil emersion objectives and HyD detectors. Image processing and
co-localization analyses were performed using the Fiji software.

Table 1. DNA plasmids used for transfection with the corresponding protein.

Protein Cell compart- | Plasmid Reference and cloning
ment

RAB7A Endosomes GFP-RAB7A 28

VAMP-Associated Protein | ER GFP-VAPA 29

A (VAPA)

Peroxisomal  biogenesis | Peroxisomes PEX3*-SBP-GFP PEX3*-SBP-GFP was a gift

factor 3 (PEX3) from Juan Bonifacino

(Addgene plasmid #

120174).3
Protein tyrosine phospha- | Mitochondria PTPIP51-GFP PTPIP51 ORF was cloned
tase interacting protein into GFP-C1 vector from
51 (PTPIP51) PTPIP51-RFP using Hindlll
and BamHI restriction en-
zymes.?*
Oxysterol binding protein | Golgi EGFP-OSBP-PH EGFP-OSBP-PH was a gift
(OSBP-PH) from Marci Scidmore (Ad-
dgene plasmid # 49571).31
LifeAct Actin filaments | Lifeact-EGFP Addgene Plasmid # 58470

Bio Layer Interferometry-measurements

BLI measurements were performed on an OctetRed system (ForteBio). 100 nM of the
expressed GFP Nb or the synthetic GFP Nb were loaded on Ni-biosensors for 2 minutes
and washed in binding buffer (phosphate-buffered saline (PBS), 0.05 % Tween-20,
0.01 % BSA, pH 7.4). Thereafter, the sensors were transferred into solutions containing
varying concentrations of GFP (100 — 1 nM) to measure the association of the analyte
for 3 minutes. Subsequently, the dissociation of the complex was measured in binding
buffer for 6 minutes. Dissociation constants (Kd) were calculated using the ForteBio
Data Analysis software by co-fitting all concentrations simultaneously.
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Supplementary information

Synthesis strategy
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1. NCL: 6 M Gdn.HCI, 0.2 M phosphate,

100 mM MPAA, 25 mM TCEP, pH 7.0, 16h

2. Desulphurization: 6 M Gdn.HCl, 0.2 M phosphate,
250 mM TCEP, 50 mM GSH, 25 mM VA-044,

pH 7.0, 16h, 40°C

3a.Acm deprotection: 6 M Gdn.HCl, 0.2 M phosphate,
30 equiv. PdCl 5

3b. 100 equiv. DTT
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Scheme S1. Complete synthetic approach towards synthetic GFP Nb using NCL-
desulfurization chemistry.
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Sequences
GFP Nanobody:

1 MQVQLVESGG ALVQPGGSLR LSCAASGFPV NRYSMRWYRQ
41 APGKEREWV.
81

Table S2. Amino acid sequences of the Nb fragments, psuedoprolines are underscored and iso-acyl
dipeptides in bold.

Segment ID SPPS sequence

GFP 1-48 H-MQVQLVESGGALVQPGGSLRLSC(Acm)AASGFPVNRYSMRWYRQAPG-
KEREWV-NHNH,

Fmoc-GFP 49-96

GFP 98-123 OEG

X was incorporated as a Fmoc-Peg2-OH. Underlined dipeptide sequences were coupled
as the respective pseudoproline dipeptides or DMB dipeptides. Italic dipeptides were
coupled as the respective iso-acyl dipeptides.

Preparation of peptide fragments
Synthesis of GFP 1-48 thioester 1

.tl\cm
S

) ,,0
GFP Nb 1-48 \As/\/s S0 Na'

The synthesis was performed following general procedures using 2-chlorotrityl hydrazine
resin (1.0 gram, 0.32 mmol/gram). The peptide was cleaved from the resin according to
the general procedures and purified by preparative HPLC using a Phenomenex, Luna 100
A, €8(2), 10 um, 30 mm x 250 mm column (25 to 35%B over 20 min, 30mL/min). Peptide
1 was dissolved in 45 mL of 6 M Gdn.HCl pH 3.0 and 1 M NaNO, in MilliQ (3.2 mL, 3.2
mmol, 10 equiv.) was added and stirred for 15 min at 0 °C. The reaction was warmed
to room temperature and MESNa (5.1 gram, 32 mmol, 100 equiv.) in 6 M Gdn.HCI, 0.2
M phosphate pH 7.0 was added. The pH was adjusted to pH 7.0 and the solution was
stirred for 60 min. before purification by preparative RP-HPLC using Phenomenex, Luna
100 A, €8(2), 10 um, 30 mm x 250 mm (22 to 32 % B over 45 min, 30mL/min) followed
by lyophilization afforded peptide 1 as a white solid (171.6 mg, 9.3 % yield).
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Figure S1. (A) UPLC UV chromatogram of purified 1, Rt 9.86 min. (B) Total ion chromatogram (LC-
MS method C4) of purified 1, Rt 2.23 min. (C) Observed ESI spectrum of purified 1. Calculated Mass
(average isotope composition): 5645.74; Observed: [M + 3H]3*: 1882.9, [M + 4H]*: 1412.4, [M + 5H]>*
1130.1, [M + 6H]*": 941.9.
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Synthesis of Fmoc-GFP 49-96 hydrazide 2A

HS 0

H
N
Fm°‘*N)}( GFPNb51-95 - \:)LNHNH2

N H
2A

The synthesis was performed following general procedures using 2-chlorotrityl hydrazine
resin (1.27 gram, 0.32 mmol/gram). The peptide was cleaved from the resin according
to the general procedures and purified by preparative RP-HPLC using a Phenomenex,
Luna 100 A, €8(2), 10 pm, 30 mm x 250 mm column (26 to 33 % B over 40 min, 30 mL/

min) followed by lyophilization afforded peptide 2A as a white solid (296.6 mg, 13.2%
yield).
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Figure S2. (A) UPLC UV chromatogram of purified 2A, Rt 10.23 min. (B) Total ion chromatogram (LC-
MS method C4) of purified 2A, Rt 2.35 min. (C) ESI spectrum of purified 2A. Calculated Mass (average
isotope composition): 5518.53; Observed: [M + 3H]**: 1840.51, [M + 4H]*: 1380.63, [M + 5H]**:
1104.71.
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Synthesis of GFP 98-123 propargyl amide 4A

HS
98-107 \n/O 0
0 2N 110-123 ~PEG )'I\
2

o
4A

H,N

/

N
H

The synthesis was performed following general procedures using Fmoc-OEG preloaded
CTC resin (1.45 gram, 0.2 mmol/gram). The amino acids colored in red were coupled
using single 6 hours coupling. For the underlined amino acids in the sequence an iso-
acyl dipeptide Boc-Thr(Fmoc-Gly)-OH was coupled following the general procedures.
The iso-acyl dipeptide was incorporated to increase solubility of the peptide during
purification.

CNVNVGFEYWGQGTQVTVSSKHHHHHH

The protected polypeptide was cleaved from the resin by treatment with 3 x 15 mL of
DCM/HFIP 7:3 v/v for 15 min and filtered. The combined filtrates were concentrated in
vacuo and co-evaporated with DCM 3x and dried under high vacuum. The protected
peptide (1 equiv.) was dissolved in DCM (10 mL) and propargylamine (75 uL, 1.16 mmol,
4 equiv.) was coupled using PyBOP (597 mg, 1.16 mmol, 4 equiv.) and DIPEA (396 uL,
2.32 mmol, 8 equiv.) for 16 hours. Thereafter, the solvents were removed in vacuo and
the protecting groups was cleaved according to the general procedures. The crude
peptide was purified by RP-HPLC using Phenomenex, Gemini® 110 A, C18, 5 pm, 30 mm
X 250 mm column (15-35 % B over 20 min, flow 30 mL/min) and lyophilized to afford the
desired peptide (65.07 mg, 6.7 % yield).
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Figure S3. (A) UPLC UV chromatogram of purified 4, Rt 6.53 (B) Total ion chromatogram (LC-MS
method C4) of purified 4, Rt 1.8 min. (C) ESI spectrum of purified 4. Calculated Mass (average isotope
composition): 3306.52; Observed: [M + 2H]**: 1654.26, [M + 3H]**: 1103.17, [M + 4H]*": 827.63

Assembly of GFP Nb
One-pot Fmoc deprotection and ligation for the assembly of 3
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H o /@/
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20 % piperidine, 6 M Gdn.HCI
pH 10.7, t =10 min

HS

o}
H
HzN)ﬁ( GFP Nb 51-5 /N\i)J\NHNHQ
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Scheme S2. Fmoc deprotection of 2A.
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A solution of 2A (73.56 mg, 13.3 umol) was prepared in 6 M Gdn.HCI, 0.2 M phosphate
pH = 7.0 (5 mL), then 406 uL of conc. HCl was added and finally 1375 pL of piperidine,
final pH of 10.7. The reaction mixture was shaken (350 rpm) for 10 min before the pH
was adjusted to pH 7.0. The reaction progress was assessed by analyzing a small sample
by LC-MS. Analysis revealed complete Fmoc deprotection within 10 min. to afford
compound 2 in solution.
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Fmoc deprotection
t=0min
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t=10min
*
T T 1
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Figure S4. (A) UPLC UV chromatogram of the Fmoc deprotection of 2A t =0 min. (top chromatogram) and
t = 10 min. (bottom chromatogram). *dibenzofulvene-piperidine adduct (B) Total ion chromatogram
(LC-MS method C4) of 2, Rt 2.0 min. (C) ESI spectrum of 2. Calculated Mass (average isotope
composition): 5296.46; Observed: [M + 3H]**: 1766.48, [M + 4H]**: 1325.11, [M + 5H]**: 1060.29.
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2. Desulfurization: 6 M Gdn.HCl, 0.2 M phosphate,
250 mM TCEP, 50 mM GSH, 25 mM VA-044,

pH 7.0, 16h, 40 °C

3a. Acm deprotection: 6 M Gdn.HCl, 0.2 M phosphate,
30 equiv. PdCl,

3b. 100 equiv. DTT

HS

H o H o
GFP Nb 1-48 N\:)J\NJ}( GFP Nb 51-95 /N\:)J\NHNHZ
Ao

ey

Scheme S3. Ligation of peptides 1 and 2 followed by desulfurization and Acm deprotection to
assemble peptide 3.

3

Next peptide 1 (60.51 mg, 0.01286 mmol) was added as a solid to the reaction mixture
containing 2. MPAA (186.4 mg, 1.1 mmol, 100 equiv.) was dissolved in 400 pL of 4 M
NaOH and added to the reaction mixture and TCEP was added to a final concentration
of 25 mM. The final pH was adjusted to 7.0 and the reaction was shaken for 16 hours at
37 °Cupon which LCMS analysis showed that the reaction was complete. The MPAA was
removed using a 3 kDa cut-off spin filter until LCMS no longer showed presence of MPAA.
To the 6 M Gdn.HCl, 0.2 M phosphate pH = 7.0 solution (3 mL), 0.5 M TCEP in water (3
mL) was added and the solution was degassed with argon. To this solution glutathione
(101.5 mg, 50 mM) and VA-044 (57 mg, 25 mM) were added and the reaction mixture
was shaken at 40 °C for 18 hours at final pH 6.5. To afford peptide 3 in 101.6 mg with a
88 % yield over 2 steps. The buffer was exchanged again using a 3 kDa cut-off spin filter
to 6 M Gdn.HCl, 0.2 M phosphate pH 7.0. Next PdCl, (29.6 mg, 20 equiv.) was added,
and the reaction was shaken at 40 °C for 1 hour. To quench the reaction DTT (137.3 mg,
100 equiv.) was added and the solution was centrifuged. The supernatant was purified
on an Akta system using a HiLoad® 26/600 Superdex” 75 pg column (flow: 1 mL/min) to
obtain GFP 1-96 in a solution of 6 M Gdn.HCI, 0.2 M phosphate, pH 7.0 (9.6 mg/mL, 62.2
mg, 61.7 % yield over 4 steps).

All concentrations/amounts were determined using CAD as described in the general
protocols.
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Figure S5. (A) UPLC UV chromatogram of the NCL of 1 and 2, t = 0 h (top chromatogram) and t =
16 h (bottom chromatogram). *dibenzofulvene-piperidine adduct (B) Total ion chromatogram (LC-MS
method C4) of 3, Rt 2.2 min. (C) ESI spectrum of 3. Calculated Mass (average isotope composition):
10800.22; [M + 6H]**: 1801.04, [M + 7H]™": 1543.89, [M + 8H]*": 1351.03, [M + 9H]*": 1201.02, [M +
10H]***: 1081.02, [M + 11H]'*: 982.84, [M + 12H]**: 901.08, [M + 13H]***: 831.77. Observed Mass
(average isotope composition): 10801.52; [M + 6H]®*: 1801.25, [M + 7H]”*: 1544.08, [M + 8H]®*:
1351.82, [M + 9H]*": 1201.17, [M + 10H]™**: 1081.15, [M + 11H]**: 982.96, [M + 12H]*>*: 901.12, [M +

13H]**: 831.88.

137



Chapter 5

A

oM aH’
100+ 1351.82
S 10H
2z
g .
1
@ .
£ 50 i
o
2 12H*
bt
o BH"
. 1 [
0 - T T 1
500 1000 1500 2000
mass (m/z)
100 il
g 10H*
8H*
2 1347.82
7}
c
g 50 11H"
£ _-
[
>
= 12H"
Ly 6H*
& 13K L
0 ! T “y
500 1000 1500 2000
mass (m/z)
100 10H* T
§ 8H*
S 1338.94
g 11H"
E 50 H*
_g 12H"]
=]
© 6H"
& l 13H*\ L
0 L II . r .
500 1000 1500 2000
mass (m/z)

Relative intensity (%) Relative intensity (%)

Relative intensity (%)

100 10804.6
50
0]
8000 10000 12000 14000
mass (da)
100 10775.4
50
0 T rheMrrrrr LT R
8000 10000 12000 14000
mass (da)
100 10704.2
50
0+ el
8000 10000 12000 14000
mass (da)

Figure S6. (A) ESI spectrum and the deconvoluted mass of 3A. Calculated Mass (average isotope
composition):10800.22, Observed: 10801.52. Deconvoluted mass calculated: 10807.0, Observed:
10804.6 (B) ESI spectrum and the deconvoluted mass of 3B. Calculated Mass (average isotope
composition): 10768.25, Observed: 10769.52. Deconvolute mas calculated: 10774.9, Observed:
10775.4. (C) ESI spectrum and the deconvoluted mass of 3 Calculated Mass (average isotope
composition): 10697.21, Observed: 10698.4. Deconvolute mass calculated: 10703.9, Observed:

10704.2.
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Iso-acyl shift of 4A

As described in the synthesis section of peptide 4A, an iso-acyl dipeptide was
incorporated to increase solubility during purification.323* The ester bond is not stable
during NCL and therefore has to undergo an O = N acyl shift to form the stable native
peptide (Scheme S4).

HS
HZN]\"/ 98-107 ~
0 0

0 o)
110-123 )L
HZNK‘/ ~PEG H\
0

4A
l pH 7-8, t=10min
HS OHO o
HZNJ\’( 98-107 )LH 110-123 ~PEG )Lﬁ/\
) o)
4

Scheme S4. Shift of the iso-acyl dipeptide.

The peptide 4A (9.4 mg, 2.8 umol) was dissolved in 400 uL 6 M Gdn.HCI, 0.2 M
phosphate, pH 7.4. After 10 minutes an UPLC sample was measured and the retention
time of the peptide shifted from 6.47 to 6.96 minutes (UPLC method 2), indicating that
the iso-acyl had shifted successfully (Fig. S7).
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Figure S7. UPLC UV chromatogram of 4A at pH 3.0 (top chromatogram) and 4 at pH 7.4 (bottom
chromatogram).

One-pot thioesterification and ligation to GFP 1-123-PA
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Scheme S5. One-pot thioesterification and NCL of 3 and 4 to obtain the final product 5.

A solution of 3 (28.8 mg, 2.69 umol) in 3 mL of 6 M Gdn.HCl, 0.2 M phosphate, pH 3.0
was cooled to 0 °C before adding 27 uL of 1 M NaNO, in MilliQ. After 15 minutes the
solution was warmed to room temperature and MPAA (51 mg, 303 umol, 100 equiv.) in
4 M NaOH (50 ulL), and 4 (9.4 mg, 2.8 umol) were added, and the pH was adjusted to
pH 7.13. The mixture was shaken over night at room temperature to reach completion
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before purification on a Akta system using a HiLoad® 26/600 Superdex® 75 pg column
(flow: 1 mL/min) to obtain in a solution of 6 M Gdn.HCl, 0.2 M phosphate, pH 7.0 (9.13
mg/mL, 13.71 mg, 36.4 % yield based on recovered starting material).

3

Native chemical ligation 4 MPAA thioester

t=0h

Native chemical ligation
t=16h

Purified

T T T T T T T T T T |
5 10 15

Figure S8. UPLC UV chromatogram of NCL between 4 and 3 t = 0 h (top chromatogram), t =16 h
(middle chromatogram), and purified 5 (bottom chromatogram)
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Figure S9. (A) UPLC UV chromatogram of 5, Rt 13.9 min. (B) Total ion chromatogram (LC-MS method
C4) of 5, Rt 2.2 min. (C) ESI spectrum of 5. Calculated Mass (average isotope composition): 13971.70;
[M + 6H]®": 2329.62, [M + 7H]”*: 1996.95, [M + 8H]®: 1747.46, [M + 9H]°*: 1553.41, [M + 10H]**:
1398.17, [M + 11H]**: 1271.16, [M + 12H]**: 1165.31, [M + 13H]***: 1075.75, [M + 14H]***: 998.97.
Observed: ; [M + 6H]®*": 2329.81, [M + 7H]”*: 1997.14, [M + 8H]®": 1747.62, [M + 9H]°*: 1553.45, [M +
10H]%**: 1398.30, [M + 11H]**: 1271.18, [M + 12H]***: 1165.33, [M + 13H]***: 1075.78, [M + 14H]%*:
999.00. (D) Deconvoluted mass of 5, calculated: 13980.4, observed: 13980.8.

Folding of 5

PBS buffer, pH 7.4 was freshly prepared from Gibco PBS tablets and sterilized with a
bottle top vacuum filter, 0.22 um (Corning). A solution of crude unfolded 5 (0.65 mM,
1.5 mL) in 6 M Gdn.HCI, 0.2 M phosphate, pH 7.0 was added to a prewashed Slide-A-
Lyzer™ MINI Dialysis Devices (3.5 kDa cut-off) containing 3 M Gdn.HCI 0.2 M phosphate,
pH 7.0. After 2 hours the buffer was exchanged to PBS, pH 7.4 and the mixture was
shaken gently over night at 10 °C. The mixture was analyzed by LC-MS revealing the
correct MW corresponding to a loss of 2 Da. The mixture was concentrated using a pre-
washed centrifugal 3 kDa molecular weight cut-off device and concentrated to ~ 400 pL.
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Figure S10. (A) UPLC UV chromatogram (method 1) of folded 5, Rt 10.0 min. (B) Total ion chromatogram
(LC-MS method C4) of folded 5, Rt 2.2 min (C) ESI spectrum of folded 5. Calculated Mass (average
isotope composition): 13978.4; [M + 6H]®": 2329.28, [M + 7H]”*: 1996.70, [M + 8H]®*: 1747.21, [M
+ 9H]°*: 1553.19, [M + 10H]**: 1398.97, [M + 11H]**: 1270.97, [M + 12H]**: 1165.14, [M + 13H]***:
1075.59, [M + 14H]**: 998.83. Observed: 13978.8; [M + 6H]®*: 2329.83, [M + 7H]’*: 1997.14, [M
+ 8H]®: 1748.25, [M + 9H]*": 1553.45, [M + 10H]***: 1398.30, [M + 11H]***: 1271.18, [M + 12H]**":
1165.33, [M + 13H]%*: 1075.78, [M + 14H]***: 999.00. (D) Deconvoluted mass of folded 5, calculated:
13978.4, Observed: 13798.8.

143



Chapter 5

CuAAC chemistry on 5
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Scheme S6. Click chemistry on purified 5 followed by disulfide bond formation of 6.

To purified 5 (3.65 mg, 0.26 umol, 1.0 equiv.) in 400 uL 6 M Gdn.HCI, 0.2 M phosphate
pH 7.2, 25 ulL of freshly prepared click-mixture (1:1:1 v/v/v, CuSO,-5H,0 (40.7 mg/
mL in water): sodium ascorbate (120 mg/mL in water): THPTA ligand (42.5 mg/mL in
water)) was added before adding 65 ulL of Biotin-PEG-azide (CAS Number: 875770-34-
6)(10 mM in DMSO, 0.65 pmol, 2.5 equiv.). The reaction was shaken for 60 minutes
at room temperature when LC-MS showed full conversion to 6. The reaction mixture
was quenched with 5 uL EDTA (0.5 M in MilliQ water) before purification by Akta,
Superdex® 200 Increase 10/300 GL (flow: 0.5 mL/min) to obtain 6 (2.48 mg, 66 % yield).
Thereafter, 6 was folded as previously described for 5, resulting in folded 6 (Fig S11).
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Figure S11. (A) UPLC UV chromatogram of folded 6, Rt 10.0 min. (B) Total ion chromatogram (LC-MS
method C4) of folded 6, Rt 2.2 min (C) ESI spectrum of folded 6. Calculated Mass (average isotope
composition): 14422.9; [M + 6H]®: 2403.32, [M + 7H]™: 2060.13, [M + 8H]®: 1802.74, [M + 9H]**:
1602.54, [M + 10H]%*: 1442.39, [M + 11H]**: 1311.35, [M + 12H]*?": 1202.16, [M + 13H]***: 1109.76,
[M + 14H]**:1030.56, [M + 15H]**: 961.93. Observed: Calculated Mass (average isotope composition):
14423.2.4; [M + 6H]: 2403.67, [M + 7H]’: 2060.46, [M + 8H]**: 1803.16, [M + 9H]*": 1602.80, [M +
10H]'%*: 1442.63, [M + 11H]***: 1311.56, [M + 12H]*: 1202.35, [M + 13H]***: 1109.95, [M + 14H]**:
1030.73. (D) Deconvoluted mass of folded 6, calculated: 14422.8, observed: 14423.2.
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Click chemistry on 5
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Scheme S7. Click chemistry on purified 5 followed by disulfide bond formation of 7.

To purified 5 (3.65 mg, 0.26 umol, 1.0 equiv.) in 400 puL 6 M Gdn.HCI, 0.2 M phosphate
pH 7.2, 25 ulL of freshly prepared click-mixture (1:1:1 v/v/v, CuSO,-5H,0 (40.7 mg/
mL in water): sodium ascorbate (120 mg/mL in water): THPTA ligand (42.5 mg/mL in
water)) was added before adding 65 L of sulfo-Cy5-azide (CAS Number. : 1621101-43-
6) (10 mM in DMSO, 0.65 umol, 2.5 equiv.). The reaction was shaken for 60 minutes at
room temperature when LC-MS showed full conversion of the 7. The reaction mixture
was quenched with 5 uL EDTA (0.5M in MilliQ water) before purification by Akta,
Superdex® 200 Increase 10/300 GL (flow: 0.5 mL/min) to obtain 7 (1.58 mg, 41 % vyield).
Thereafter, 7 was folded as previously described for 5, resulting in folded 7 (Fig. S12).
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Figure S12. (A) UPLC UV chromatogram of folded 7, Rt 10.0 min. (B) Total ion chromatogram (LC-MS
method C4) of folded 7, Rt 2.2 min (C) ESI spectrum of folded 7. Calculated Mass (average isotope
composition): 14717.3; [M + 6H]®": 2452.33, [M + 7H]"*: 2102.14, [M + 8H]®*": 1839.50, [M + 9H]**:
1635.22, [M + 10H]***: 1471.80, [M + 11H]***: 1338.09, [M + 12H]***: 1226.66, [M + 13H]***: 1132.38,
[M + 14H]**: 1051.56. Observed: Calculated Mass (average isotope composition): 14717.4; [M + 6H]¢*:
2452.86, [M + 7H]’*: 2102.62, [M + 8H]®*: 1839.78, [M + 9H]**: 1635.59, [M + 10H]***: 1472.04, [M +
11H]***:1338.31, [M + 12H]***: 1226.87, [M + 13H]***: 1132.57, [M + 14H]***: 1051.83. (D) Deconvuluted
mass of folded 7, calculated: 14717.3 Observed: 14717.4.

Circular dichroism

CD measurements were performed using a Jasco 1500 spectropolarimeter at
concentrations of 0.1 mg/mL in PBS, pH 7.4, concentrations were measured using a
NanoDrop spectrophotometer at A280 (calculated extinction coefficient of 26930 cm*
M), Measurements between 250 and 190 nm were taken using a quartz cuvette with
a path length of 0.02 cm. In total, 8 cumulative measurements were made and the
average was calculated and plotted using Graphpad PRISM.
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Figure S13. CD chromatogram of the expressed Nb, 5 and 6.

Unfolding CD measurements were performed with a 1 °C/min increase, with a
measurement containing 8 scans every 10 °C from 20 °C to 90 °C.
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Figure S14. CD spectra of expressed GFP Nb with heating.
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Figure S15. CD spectra of 6 with heating.
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Figure S16. CD spectra of 7 with heating.
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Bio Layer Interferometry

Bio Layer Interferometry (BLI) analyses of binding experiments. Graphs show
concentrations in nM and fitted curves as dotted lines. The data was fitted using the
Octet96 software.

Expressed GFP Nb Synthetic GFP Nb
1.0
______________________ 1.04 100 nM data
- - 1 T — 10 nM data
= s
- n ala
% 0.5 2
5 £ 0.5
@ &
@ 2
0.0 [N i ———
_I_I_I_I-I_I_I_I_I_r'l_l_l_l_l_l—r_l_l-r_l_l—l_l_l—l_l' T LR |
0 200 400 0 200 400
Time (s) Time (s)

Figure S17. BLI data for binding of the expressed GFP Nb to GFP and the synthetic GFP Nb to GFP.
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Figure S18. Ponceau S staining of the GFP-Rab7 pull-down. Signal above the 25 kDa marker is
streptavidin which is released from the streptavidin beads.
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Summary

Antibody conjugationtechniqueshaverevolutionized the developmentof multifunctional
antibody-based therapeutics and diagnostics. Despite the advancements in antibody
conjugation technologies, several challenges remain. Achieving site-specific conjugation
while preserving antibody functionality is crucial, though often challenging. Developing
improved conjugation strategies is vital to broaden the applications and effectiveness of
antibody-based therapies, diagnostics, and research.

Chapter 1 provides an overview of approaches for the generation of multi-specific
antibodies and antibody conjugation strategies for the generation of various antibody
formats. In particular, antibody-antigen conjugates are discussed in the context of
targeted antigen delivery to DCs. In addition, ubiquitin is discussed, touching upon
the enzymes involved in ubiquitination and different ubiquitin chains. The chemical
synthesis of ubiquitin-based tools is highlighted to emphasize the versatility of the
chemical synthesis of ubiquitin.

In Chapter 2, we introduce ubi-tagging, a ubiquitin-based modular antibody
conjugation platform, establish its feasibility, and explore the potential of this
conjugation method for the generation of antibody conjugates and complexes of various
formats. This conjugation method exploits the site specificity of the enzymatic process
of ubiquitination to covalently attach antibodies to payload or to other antibodies
through ubiquitin chain formation. By fusing ubiquitin to an antibody or antibody
fragment, it can be used as a conjugation tag. To ensure the controlled conjugation of
one ubi-tag to another, it is essential to use ubiquitin as a tag in two complementary
forms, which we named the donor ubi-tag and acceptor ubi-tag. In the Donor ubi-tag,
the C-terminal glycine residue is free and available for conjugation to another ubi-
tag, whereas the lysine residue specific for the E2 and E3 pair used in the reaction is
mutated. In contrast, the acceptor ubi-tag has this specific lysine residue available for
conjugation, while its C-terminal glycine is either lacking or blocked by the presence of
a fused short peptide. Thus, during the ubiquitination reaction using the corresponding
E2 and E3, the C-terminus of a donor-ubitag can only covalently attach to the lysine
residue of an acceptor ubitag and no other conjugate can be formed. In this chapter,
we first generated Fab-ubitag fusion proteins and used them to establish the feasibility
of this conjugation method for the generation of fluorescently labelled Fab fragments,
Fab-multimers, and a Fab heterodimer that can be site-specifically elongated for
fluorescent labeling or trimer formation. We also demonstrated the recognition and
processing of the formed conjugates by deubiquitinating enzymes (DUBs). We then
demonstrated that ubi-tagging can also be applied to the conjugation of mAbs, where
each mAb carries two ubi-tags, one fused to each heavy chain. We used ubi-tagging to
generate fluorescently labelled monoclonal antibodies (mAbs) and a bivalent bispecific
antibody conjugate.
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Ubi-tagging is further expanded in Chapter 3, where it is applied for the generation
of ubi-tagged antibody-peptide conjugates for dendritic cell (DC)-targeted antigen
delivery. We conjugated anti-mDCE205 to the ovalbumin antigenic peptide SIINFEKL
by both ubi-tagging and the current state-of-the-art sortagging. When tested in
vitro, the ubi-tagged conjugates induced significantly higher T cell activation and
cytokine secretion compared to the sortagged conjugates. Building on these results,
we assessed the in vivo efficacy of both conjugates where the mice treated with the
ubi-tagged conjugates exhibited robust OT-I cell proliferation, whereas the sortagged
conjugates induced minimal proliferation at the same concentration. Biodistribution
studies revealed preferential uptake of ubi-tagged conjugates by CD11c+ dendritic cells,
suggesting that this increased uptake underlies the enhanced T cell activation.

In chapter 4, we translate ubi-tagged DC-targeting vaccines to human applications.
Here, we use ubi-tagged VHHs for the generation of VHH-peptide conjugates for the
targeted antigen delivery to human DCs. Considering the relatively large size of ubi-tag
conjugation with regard to the molecular weight of VHHs, we first demonstrate that ubi-
tag conjugation does not interfere with the antigen-binding capacity of VHHs. We then
proceed to successfully conjugate ubi-tagged VHHSs to a library of notoriously insoluble
epitopes, showing that the presence of the ubi-tag fused to these hydrophobic epitopes
enhanced their solubility. We demonstrated the functionality of the generated anti-DC-
SIGN VHH-UbZ—gp100p in vitro, showing dose-dependent T cell activation.

In chapter 5 we move from an enzymatic approach of antibody conjugation to a
synthetic approach using native chemical ligation (NCL) to generate a synthetic GFP
nanobody (Nb) primed for on-demand functionalization. We successfully modified the
GFP-Nb using CuAAC to selectively attach either a biotin or a fluorophore, and used
them in pull-down and confocal microscopy experiments, respectively. We demonstrate
that the labelling process does not compromise the antigen-binding site, enabling its
application for nanobodies with a cysteine residue in the CDR regions, which can be
disrupted by conventional maleimide-based modification.

Discussion and future prospects
In this thesis, we present new broadly applicable approaches for the generation of
antibody conjugates. We successfully applied both (chemo)enzymatic and chemical
approaches for the efficient generation of chemically defined, site-specifically modified,
homogenous antibody conjugates in various formats (Fig. 1).

For the ubi-tagging antibody conjugation technique presented in chapters 2, 3, and
4, we use the E2-E3 pair gp78RING-Ube2g2, which is specific for K48, and the donor
ubi-tags used were K48R mutants. We used a gp78RING-Ube2g2 chimera, in which the
c-terminus of the RING domain of gp78 was engineered to be fused to the N-terminus
of Ube2g2 separated by linker!. This fusion results in a much higher enzyme activity of
the pair compared to when used as separate proteins (Fig. 2). This enhanced activity
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Figure 1|Schematic illustration of various antibody conjugates and complexes generated within the
scope of this thesis.

largely contributed to the efficiency of the ubi-tag reactions in this thesis (Fig. 3).
Although this E2/E3 pair is K48 specific, ubi-tagging is not restricted to this linkage type.
Considering the variety of linkage-specific ubiquitination enzymes and the resulting
ubiquitin chains, it would be interesting to further explore ubi-tagging using different
ubiquitin linkage types. In particular, because differently linked ubiquitin chains are
known to have very different conformations, which in the context of ubi-tagging could
be exploited to gain control over the spatial orientation of the antibodies or proteins to
be conjugated to each other. Another level of flexibility provided by ubi-tagging as an
antibody conjugation technique, is its reversibility by DUBs. Although very lightly touched
upon in this study, it was established that the ubi-tagged conjugates are recognized and
processed by DUBs such as UCHL3 and OTUBL. This could be interesting for further
exploration in applications where the conditional cleavage for the disassembly of the
conjugate is desired.

Another aspect that adds to the versatility of this platform is the plethora of chemical
modifications that can be synthetically incorporated in ubiquitin as its full chemical
synthesis is well established and the ubiquitin toolbox is continuously expanding.?
One of the synthetic ubiquitin variants that might be interesting to in the context of
ubi-tagging is DOTA-Ub.? Conjugating it to an antibody or antibody fragment could
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Figure 2|Schematic illustration showing the mechanism of the enhanced activity of the fusion of the
E2/E3 pair gp78RING-Ube2g2 compared to the reaction in which the enzymes are not fused.

result in an antibody-DOTA conjugate that can be used as a lanthanide-based contrast
agent in diagnostic applications. It is also interesting to explore the attachment of
multiple chemical handles to ubiquitin with the idea of generating a scaffold that can
be functionalized on demand with multiple payloads, such as multiple cytotoxic drug
moieties, for the generation of ubi-tag-based antibody-drug conjugates. Such a scaffold
could alsobe usedtoattach multiple fluorophoresinresearch and diagnosticapplications,
where a high detection sensitivity is required. Additionally, since we showed that the
ubi-tag enhanced the solubility of antigenic peptides in the context of targeted antigen
delivery to DCs, it would be interesting to generate chemically synthesized libraries of

ubiquitin fused to antigenic peptides that can be readily conjugated to antibodies for
the generation of DC-targeted vaccines.
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Figure 3|The Efficiency of ubi-tag conjugation reactions conducted in this thesis. Conjugation
reactions involving ubi-tagged Fab fragments forming di-ubiquitin chains showed an average reaction
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efficiency of 94.2%, whereas conjugation reactions involving ubi-tagged Fabs forming tri-ubiquitin
chains showed an average efficiency of 93.4%. Conjugation of ubi-tagged mAbs showed an average
reaction efficiency of 95.7%, whereas ubi-tagged VHHs reacted with an average efficiency of 92.8%

within 60 mins.

Combining ubi-tagging with other approaches to generate multimeric antibody
complexes may also be worth exploring. For instance, combining Fab-arm exchange*
with ubi-tagging could be an approach to generate a trispecific antibody complex where
only one Fab-arm would carry a ubi-tag or even a tetraspecific antibody complex where
the both Fab-arms are ubi-tagged and separately conjugated to two different ubi-tagged
Fabs before mixing for exchange.

Future prospect of synthetic nanobodies: Synthetic antibody fragments, such as
fully synthetic nanobodies, offer exciting prospects for preclinical research. Their
completely synthetic nature allows for precise design and rapid development, enabling
highly targeted drug delivery, diagnostics, and therapeutic applications. These synthetic
constructs can be easily modified for use in sensitive immunoassays, diagnostic
platforms, and imaging techniques, without the limitations of traditional antibodies.
With the ability to reduce immunogenicity, improve tissue penetration, and facilitate
high-throughput screening, synthetic antibody fragments are poised to revolutionize
drug discovery, diagnostic tools, and targeted therapies in preclinical settings.

Collectively, in this thesis a novel modular ubiquitin-based antibody conjugation
method is presented. While we successfully applied this method for the generation of
a range of antibody conjugates, limitless other antibody formats and conjugates can be
generated using this method. We also present the chemical synthesis of a nanobody
that can be functionalized on-demand. The implementation of the work presented here
empowers researchers with new strategies for the generation of antibody -based tools
and therapeutics.
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Appendix

Nederlandse samenvatting
Dit proefschrift richt zich op de ontwikkeling en verbetering van antilichaam-conjugatie
technologieén.

Antilichaam-conjugatie technologieén zijn essentieel voor het maken van
antilichaam-gebaseerde diagnostische en onderzoeks gereedschap en voor het maken
van antilichaam conjugaten voor therapeutische toepassingen. Deze technologieén
omvatten een reeks van fluorescent gelabelde antilichamen voor beeldvorming
tot bispecifieke antilichamen voor dubbele antigeendoelwitten en antilichaam-
drug conjugaten (ADC’s) voor de gerichte aflevering van cytotoxische middelen. De
huidige strategieén voor antilichaamconjugatie kampen echter met uitdagingen zoals
inefficiéntie en heterogeniteit, die de stabiliteit, farmacokinetiek, toxiciteitsprofielen
en batchconsistentie aanzienlijk kunnen beinvioeden. Ook gezien de toenemende
belangstelling voor multispecifieke antilichaam complexen, is er een dringende behoefte
aan verbeteringen in conjugatietechnieken. Dit proefschrift heeft tot doel covalente,
site-specifieke conjugatietechnologieén te ontwikkelen en te optimaliseren om de
efficiéntie, reproduceerbaarheid en functionele prestaties van antilichaamconjugaten
te verbeteren. Het onderzoek verkent bovendien de toepassing van synthetische
peptidechemie om de huidige beperkingen te overwinnen, wat leidt tot een betere
controle over conjugatieplaatsen, verbeterde reproduceerbaarheid en verbeterde
functionele prestaties.

Hoofdstuk 2 introduceert ‘ubi-tagging’, een innovatief platform dat de site-specifieke
en efficiénte enzymatische processen van ubiquitinatie gebruikt. Deze techniek maakt
gebruik van ubiquitine als een conjugatietag, die is gefuseerd aan antilichamen of
antilichaamfragmenten om fluorescente labels aan antilichamen te hechten of voor
het multimeriseren van antilichamen. De veelzijdigheid van deze methode en de rol
van ubiquitine in cellulaire signaalroutes voor proteasome-gemedieerde degradatie
benadrukken de potentieel revolutionaire toepassingen van deze techniek.

Hoofdstuk 3 bouwt voort op de ubi-tagging technologie door deze toe te passen
op het genereren van antilichaam-gebaseerde DC-gerichte vaccijns. Deze benadering
gebruikt ubi-tagging voor het conjugeren van chemisch gesynthetiseerde Ub-OTI
peptides aan DC-targeting anti-DEC205 Fab-Ub, en demonstreert de superieure
effectiviteit van ubi-tag gebaseerde conjugaten vergeleken met traditionele sortagging-
technieken in zowel in vitro als in vivo toepassingen.

Hoofdstuk 4 test de toepasbaarheid van ubi-tagging op kleinere
antilichaamfragmenten zoals nanobodies, en demonstreert hun functionaliteit in de
context van gerichte vaccinatie aan menselijke DC’s in vitro. Dit hoofdstuk toont ook
de verbeterde oplosbaarheid en stabiliteit van ubi-tag gefuseerde eiwitten aan, wat
suggereert dat ubi-tagging de oplosbaarheid van hydrofobe antigenen kan verbeteren.

Hoofdstuk 5 presenteert de totale chemische synthese van een 123 aminozuren
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tellend nanobody dat GFP herkent. Dit nanobody, gemodificeerd met een propargyl
functionaliteit voor on-demand functionalisatie, toont de homogeniteit en gedefinieerde
kwaliteit die de voorbereiding van nanobody-drug conjugaat en multimeren kan
vergemakkelijken.

De innovaties gepresenteerd in dit proefschrift benadrukken het belang van
geavanceerde conjugatietechnologieén binnen de biomedische wetenschappen. De
nieuwe methoden, zoals ubi-tagging, bieden substantiéle vooruitgang in de precisie
en efficiéntie waarmee antilichaamconjugaten geproduceerd kunnen worden. Deze
technologieén beloven aanzienlijke verbeteringen voor zowel fundamenteel onderzoek
als klinische toepassingen en openen nieuwe deuren naar de ontwikkeling van
multispecifieke en multifunctionele antilichaamconjugaten.
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