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Abstract

Immunoassays are widely used in diagnosis and biomedical research for the detecting and quantifying
specific biomolecules. Based on antigen-antibody interaction system, immunoassays enable the
localization, qualitative analysis and quantification of target proteins. Among these, indirect
immunoassays offer enhanced signal amplification and flexibility by using fluorescence-conjugated
secondary antibodies. However, conventional secondary antibodies, predominantly immunoglobulin
(IgG), present challenges due to their large size (150 kDa). Moreover, most animal-derived antibodies
raise ethical concerns and exhibit batch-to batch variability. In contrast, small antibody fragments such
as nanobodies (Nbs), which are derived from camelids and consist of only a single variable domain,
are significantly smaller size (15 kDa) and can be efficiently produced using mammalian cell
expression system. In this study, five previously established anti-mouse and anti-rabbit IgG secondary
Nbs were selected and incorporated with a self-labeling SNAP-tag. The SNAP-tag (20 kDa) catalyzes
the covalent, site-specific attachment of O6-benzylguanine (BG)-modified fluorophores to
recombinant Nbs anti-IgG-SNAP proteins. These Nbs anti-IgG-SNAP were expressed in HEK293T
cells. Following a rapid and straightforward conjugation protocol involving the SNAP-tag and BG-
modified Alexa Fluor dyes, the specific detection capability of Nbs anti-IgG-SNAP for mouse- or
rabbit-derived primary antibodies was validated using flow cytometry and multi-color fluorescence
microscopy. Additionally, these secondary nanobodies were further developed to be combined with
horseradish peroxidase (HRP) and the recombinant Nbs anti-IgG-HRP proteins were expressed in
HEK293T cells. Their functionality was validated as secondary antibodies in Western blot (WB) and
tyramide signal amplification (TSA)-based multiplex immunofluorescence (mIF) assays. The results
demonstrated that Nbs anti-IgG-SNAP and Nbs anti-IgG-HRP specifically bound to mouse or rabbit
antibodies, exhibiting fluorescence intensities, quantitative validity and specificity comparable to
conventional anti-mouse or anti-rabbit secondary antibodies. Moreover, their cost-effectiveness,
scalable expression, easy of purification and simple site-specific conjugation procedures present an
innovation alternative to traditional animal-derived antibody production, ensuring greater
standardization and reproducibility in research applications. Taking together, these findings suggest

that recombinant anti-mouse and anti-rabbit IgG secondary nanobodies present a promising and



reliable alternative to traditional secondary antibodies in various indirect immunoassays.



Zusammenfassung

Der Einsatz von Immunoassays ist in der Diagnostik und der biomedizinischen Forschung weit
verbreitet, um spezifische Biomolekiile zu detektieren und zu quantifizieren. Auf der Grundlage des
Antigen-Antikorper-Interaktionssystems ermoglichen Immunoassays die Lokalisierung, qualitative
Analyse und Quantifizierung von Zielproteinen. Darunter bieten indirekte Immunoassays durch die
Verwendung von fluoreszenzmarkierten Sekundérantikdrpern eine verbesserte Signalverstarkung und
Flexibilitdt. Dennoch stellen herkdmmliche Sekundarantikorper, hauptsédchlich Immunglobuline (IgG),
aufgrund ihrer Groe (150 kDa) Herausforderungen dar. Dariiber hinaus werfen die meisten
tierabgeleiteten Antikorper ethische Bedenken auf und weisen Chargenunterschiede auf. Im Gegensatz
dazu sind kleine Antikorperfragmente wie Nanobodies (Nbs), die von Kameliden stammen und nur
aus einer einzigen variablen Domine bestehen, deutlich kleiner (15 kDa) und kénnen mithilfe eines
Saugerzell-Expressionssystems effizient hergestellt werden. In dieser Studie wurden fiinf zuvor
etablierte sekundire Nanobodies (Nbs) gegen Maus- und Kaninchen-IgG ausgewéhlt und mit einem
selbstmarkierenden Tag, dem SNAP-Tag, kombiniert. Der SNAP-Tag (20 kDa) katalysiert die
kovalente, ortspezifische Anbindung von O6-Benzylguanin (BG)-modifizierten Fluorophoren an
rekombinante anti-IgG-SNAP-Proteine auf Basis von Nbs. Diese anti-IgG-SNAP-Nanobodies wurden
in HEK293T-Zellen exprimiert. Nach einem schnellen und einfachen Konjugationsprotokoll, das
SNAP-Tag und BG-modifizierte Alexa Fluor-Féarbemittel umfasst, wurde die spezifische
Nachweisfahigkeit der anti-IgG-SNAP-Nanobodies fiir primédre Antikorper, die von Médusen oder
Kaninchen stammen, mittels Durchflusszytometrie und mehrfarbiger Fluoreszenzmikroskopie
validiert. Zusétzlich wurden diese sekunddren Nanobodies weiter entwickelt, um sie mit Hefe-Rettich-
Peroxidase (HRP) zu kombinieren, und die rekombinanten anti-IgG-HRP-Proteine auf Basis von Nbs
wurden in HEK293T-Zellen exprimiert. Thre Funktionsfahigkeit als Sekunddrantikérper in Western
Blot (WB)- und auf Tyramid-Signalverstirkung (TSA) basierenden Multiplex-Immunfluoreszenz
(mlIF)-Assays wurde validiert. Die Ergebnisse haben gezeigt, dass die anti-IgG-SNAP-Nanobodies
und die anti-IgG-HRP-Nanobodies spezifisch an Maus- oder Kaninchenantikérpern binden und
Fluoreszenzintensititen, quantitative Zuverldssigkeit und Spezifitdit aufweisen, die mit denen

herkdmmlicher anti-Maus- oder anti-Kaninchen-Sekundarantikorper vergleichbar sind. Dartiiber



hinaus bieten ihre Kosteneffizienz, die skalierbare Expression, die einfache Reinigung und die
einfachen ortspezifischen Konjugationsverfahren eine innovative Alternative zur Herstellung
herkdmmlicher tierabgeleiteter Antikorper und gewihrleisten eine hohere Standardisierung und
Reproduzierbarkeit in Forschungsszenarien. Zusammenfassen belegen die FErgebnisse, dass
rekombinante sekundire Nanobodies gegen Maus- und Kaninchen-IgG in verschiedenen indirekten
Immunoassays eine vielversprechende und zuverldssige Alternative zu herkommlichen

Sekundérantikdrpern darstellen.
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1. Introduction

1.1 Immunoassays

Immunoassay is a method for quantifying analytes based on the reaction between antibodies and

antigens (analytes). Since its introduction in the 1960s [1, 2], immunoassay technology has become

widely used in drug discovery, clinical diagnosis, food safety, and environmental monitoring [3-6].

Common types of immunoassays include Western blotting (WB), enzyme-linked immunosorbent

assay (ELISA), immunofluorescence (IF), immunocytochemistry (ICC), immunohistochemistry (IHC)

and immunoprecipitation (IP) (Table 1.1).

Table 1.1 Comparison of different immunoassays

Immunoassay Labels Advantages Disadvantages Reference
high sensitivity and efficiency, high  cost for  sample
easy to perform, preparation,
Enzyme-linked low cost. high occurrence of false
ELISA [7]
antibodies positives or negatives,
high storage requirement of
antibody.
analysis with colorimetric, time-consumption;
Enzyme- or chemiluminescent or reproductivity problem,
WB fluorophore- fluorescent detection, measurement  of  relative [8]
linked antibodies  The ability to detect picogram concentrations of proteins.

levels of protein.



visualization of proteins on low stain intensity in direct

Fluorescence cells, tissue or entire method,
IF probes  labeled organisms, high background for indirect [9]
antibodies a variety of fluorophores method.
available.

time-consumption,

the quality of sample for ICC is
long-term storage of samples,

unstable;
the preservation for
the activity of endogenous
Enzyme-link morphology and structures of
ICC/IHC peroxidase  and  alkaline  [10, 11]
antibodies samples,

phosphatase contributes to the
various tissues and cells can be
high background,
prepared for detection.
some carcinogenic effects for
IHC.
No requirement native antigens can be applied radiolabeled proteins should be

1P for labeled for detection, prepared to enhance their [12]

antibodies high concentrated ability. detection.

In immunoassays, a variety of labels, such as enzymes, fluorescence dyes, tags, and radiation, are
employed [13-16]. Based on labeling primary or secondary antibody, immunoassays can be classified
into two types: direct and indirect methods (Figure 1.1). A direct immunoassay is a one-step detection
method that uses a labeled primary antibody that specifically detects the target molecule and its epitope.
In contrast, an indirect immunoassay is a two-step method, in which the detection system consists of
a primary antibody and a labeled secondary antibody. Unlike the direct method, the primary antibody
in the indirect method is unconjugated, while the labeled secondary antibody binds specifically to the
primary antibody, using it as a bridge to detect the target molecule. Compared to the direct method, an
indirect immunoassay can use a single labeled secondary antibody to detect various primary antibodies
derived from the same species (Table 1.2). For example, if the primary antibodies are generated in

mice, a single labeled anti-mouse secondary antibody is sufficient to detect all mouse-derived primary



antibodies. Therefore, the indirect method offers a flexible staining strategy and significantly reduces

costs. Moreover, it provides a strong signal due to its signal amplification system.

(a)

Primary antibody k
Antigen

(b)

——Label

——Label

M\

Primary anti

body k
Antigen —|

Figure 1.1 Schematic diagram of immunoassays. (a) Direct immunoassays. (b) Indirect immunoassays. Created in

https://BioRender.com.

Table 1.2 Comparison of direct and indirect immunoassays

Direct

Indirect

Antibody conjugation method

The number of antibodies used

Time

Flexibility

Sensitivity

Cost

Primary antibody conjugated with a
label

one

Processing time is shorter because

of only one incubation step.

Conjugated primary antibody limits

the flexibility.

The signal from direct method is

relatively weak.

Each target antigen needs labeled
primary antibody to be detected, this

increases the assay cost.

Secondary antibody conjugated
with a label

two

An extra incubation and washing
steps are required to use secondary
antibody.

One conjugated secondary antibody
could bind to several primary
antibodies from same species and
isotypes.

Several secondary antibodies bind
to individual primary antibody,
leading to signal amplification.
Less secondary antibodies are

needed to detect a wide range of

antigens through using unlabeled




primary antibodies. This reduces the

assay cost.

1.2 Antibodies

Antibodies are secreted by plasma cells in response to foreign invaders or antigens, which stimulate
the immune system. These antibodies subsequently activate immune responses. There are five
immunoglobulin isotypes of antibodies in the blood or serum: IgG, IgM, IgE, IgA, IgD. As the most
abundant immunoglobulin in the blood, IgG accounts for 70-75% of human immunoglobulins. Herein,
this project mainly focuses on working with the IgG, and the term “antibody” refers to IgG.

While certain IgG subclasses, such as IgG4, can undergo Fab-arm exchange (FAE) resulting in
bispecific antibody structures, IgG is generally composed of two identical heavy chains and two
identical light chains linked by disulfide bonds. Additionally, disulfide bonds connect the two heavy
chains (Figure 1.2a). The molecular weight (MW) of each heavy chain is 50 kDa, while the light chain
MW is 25 kDa. Due to its symmetric structure, the MW of I1gG is approximately 150 kDa. Furthermore,
antibodies possess two types of light chains, lambda (A) and kappa (k) chains. Immunoglobulins can
have either A chains or k chains, with a typical k to A chain ratio of 2:1 in humans. The analysis of the
amino acid sequences of heavy and light chains reveals that the first 110 amino acids in the N-terminal
domain have high variability and are therefore termed the variable region. In contrast, the remaining
sequences toward the C-terminal domain are relatively conserved and are referred to as the constant
region. The heavy chain consists of four domains, including one variable heavy chain domain (VH)
and three constant domains (CH1, CH2 and CH3). The light chain contains two domains: one variable
light chain domain (VL) and one constant light chain domain (CL). Upon digestion with the protease
papain, the IgG is cleaved into three fragments. Two identical fragments, known as “fragment of
antigen binding” (Fab), each consist of a complete light chain paired with the VH and CH1 domains
of the heavy chain, therefore retaining the ability to bind antigen. The third fragment, called “fragment
crystallizable” (Fc), contains the paired CH2 and CH3 domains of the heavy chains. While the Fc lacks
antigen-binding sites, it interacts with effector molecules and immune cells, mediating the functional

4



diversity of different heavy chain isotypes. Within the variable region, six complementarity-
determining regions (CDRs) form the antigen-binding sites of conventional IgG molecules. Typically,
three CDRs (CDR1, CDR2 and CDR3) from the VH domain and three from the VL domain form a
paratope that specifically recognizes the epitope on the antigen [17]. CDR3 is more variable than other
CDRs, making it extremely difficult to predict the structure of the CDRs [18]. The CDRs are
surrounded by frame regions (FRs), which are relatively conserved and include four FRs (FR1, FR2,
FR3, and FR4) in either VH or VL domains.

As described before, primary and secondary antibodies are essential components of indirect
immunoassays and are generally full-length IgG molecules. The identification of primary antibodies
typically requires the use of animal species such as mice, rabbits, goats, rats, or chickens and involves
several key steps, including immunogen preparation, animal immunization, hybridoma generation,
antibody collection, screening and purification. There are two main types of primary antibodies:
monoclonal antibodies (mAbs) and polyclonal antibodies (pAbs). The mAbs are derived from a single
clone of B cells and therefore consist of an identical IgG that recognizes a single specific epitope. In
contrast, pAbs are derived from multiple clones of B cells, resulting in a heterologous mixture of IgGs
that bind to different epitopes on the same antigen. The mAbs are commonly produced in mice and,
less frequently in rabbits or rats. The pAbs, however, are almost exclusively raised in rabbits. Given
the widespread use of mice and rabbits as host species for primary antibody production, secondary
antibodies that specifically recognize mouse and rabbit I[gGs—such as anti-mouse IgG and anti-rabbit
IgG—are in high demand. These secondary antibodies are typically produced in other species,
including goats, chickens and donkeys [19].

The key principle of selecting an appropriate secondary antibody is that it must specifically react with
the host species of the primary antibodies. For example, if the primary antibody is generated in mice,
an anti-mouse IgG is required; if produced in rabbits, an anti-rabbit IgG should be used. However, the
production of these secondary antibodies often involves sacrificing large numbers of animals, raising
animal welfare and ethical concerns. Additionally, most secondary antibodies are polyclonal, which
can result in batch-to-batch variability, followed by irreproducible experimental results, which cannot

be overlooked [20, 21]. Another critical aspect of indirect immunoassays is that secondary antibodies



must be pre-labeled with other molecules, such as enzymes (e.g., alkaline phosphatase or HRP),
fluorescence dyes, or biotin. Commercially available labeled secondary antibodies are typically
conjugated with approximately five fluorophore molecules to enhance signal detection. However,
while this multi-labeling approach increases sensitivity and facilitates the detection of low-abundance
targets, it may also introduce measurement errors in quantifying protein expression. Furthermore,
fluorophores are conventionally conjugated to secondary antibodies via random-conjugation methods
[22]. These methods yield heterogeneous products, consisting of a mixture in which fluorophores are
attached to different sites and numbers. This variability leads to a broad range of antibody-to
fluorophore-molar ratios, resulting in inconsistent detection properties and compromised assay

performance.

Conventioanl scFv
19G

" /e
bofod
4

HCAb Nanobody

-

Figure 1.2 Structures of antibodies. (a) The structures of human IgG and scFv. (b) The structures of camelid
antibody and nanobody. VH: variable heavy chain; VL: variable light chain; CH: constant heavy chain; CL: constant
light chain; VHH: variable of a single heavy-chain; HCAb: heavy chain antibody; Fab: fragment of antigen binding;
Fv: wvariable fragment; Fc: fragment crystallizable; scFv: single-chain variable fragment. Created in

https://BioRender.com.

1.3 Small fragment antibodies

IgGs (150 kDa) can be efficiently in mammalian systems, however, their large size and complex

quaternary structure can hinder modifications needed, particularly when site-specific or labeling are
6



required, thereby limiting their application in laboratory diagnostics [23]. Furthermore, the lack of
rigorous validation for some commercial mAbs and pAbs can contribute to inconsistent data and poor
reproducible experimental results [24]. To address these limitations, smaller fragment antibodies—
such as Fab and scFv—have been developed. These fragments can be generated either by enzymatic
cleavage of full-length antibodies using proteases like papain or pepsin [25], or through recombinant
engineering to produce formats such as Fab, variable fragment (Fv) and single-chain variable fragment
(scFv). Among these, scFv is one of the most widely used recombinant antibody formats in
immunoassays due to its ease of construction, stable expression and high affinity for target antigens
[26]. As shown in Figure 1.2a, scFv consists of a VH and a VL linked by a flexible peptide linker, and
this linker can be engineered to enhance the stability and affinity of the scFv [27]. With a small
molecular weight of approximately 25 kDa and retain the antigen-binding properties of natural
antibody. Several studies have reported the successful generation of scFv from various species,
including mice, rabbits and chickens, indicating that scFvs are a viable alternative to full-length
antibodies [28-30]. Moreover, scFv can be cloned and expressed in bacterial or mammalian expression
systems [31, 32], enabling high-yield and cost-effective production.

However, several challenges remain in the use of scFv in immunoassay, including limitations in
stability, solubility, thermostability, antigen-binding ability and potential immunogenicity [33, 34]. To
overcome these challenges, a natural antibody called the heavy-chain antibody (HCAD) has been

explored in camelids in the last decades.

1.4 Nanobody

In 1993, Hamers-Casterman and colleagues first described a natural antibody that was found in serum
of camelids [35]. This novel antibody, known as HCADb, is only composed of CH2, CH3 and a variable
heavy chain (VHH), lacking both light chains and CH1. As a result, HCADb is smaller (~90 kDa) than
the conventional full-length antibody (~150 kDa) (Figure 1.2b). HCAbs are naturally found in
members of the Camelidae family, including camels (Camelus dromedarius and Camelus bactrianus),
llamas (Lama glama and Lama guanicoe) and vicugnas (Vicugna vicugna and Vicugna pacos).
Similarly, another class of light chain-lacking antibodies immunoglobulin new antigen receptors

7



(IgNARs), were later discovered in sharks such as Ginglymostoma cirratum [36-38]. Due to this
unique structure, VHH from HCAbs exhibit minimal interaction with constant domains, distinguishing
them structurally and functionally from conventional antibodies [39]. These specific VHH domains
have been harnessed to develop a class of recombinant antibody fragments known as nanobodies (Nbs)

[40].

1.4.1 Structural hallmarks of nanobodies

Compared with the MW of the camelid HCAbs (~90 kDa), Nbs, which are derived from the VHH of
HCADbs, are much smaller, with a MW of about 15 kDa and dimensions of approximately 2.5 X 4.0
nm, making them the smallest intact antigen-binding fragment (Figure 1.2b) [41]. Like conventional
VH domains, the folded VHH structure is composed of nine -strands, arranged into two -sheet—
one with four-stranded and the other with five. While VHHs share this overall framework, they exhibit
distinct differences from conventional VH domains due to specific amino acid substitutions in the FRs
and structural adaptations that compensate for the absence of the light chain. [36].

One key structural hallmark is observed the FR2 region. In conventional VH domains, FR2 contains
highly conserved hydrophobic residues (Val47, Gly49, Leu50, Trp52) that facilitate interaction with
the VL domain. In contrast, Nb features smaller and/or more hydrophilic residues at these positions—
typically Tyr or Phe37, Glu44, Arg or Cys45, and Gly47—due to the absence of a light chain in VHH.
This substitution enhances the solubility of nanobodies [42]. A second hallmark is observed in the
CDRs. While conventional antibodies rely on VH paired with the VL, which require six CDRs to
achieve complete antigen binding, Nbs utilize only three CDRs from the VHH domain [43]. Although
this could suggest a reduced binding capacity, Nbs compensate through structural adaptations. Their
CDRs form an expanded paratope with an antigen-interacting surface area of 600-800A2. Structural
studies revealed that CDR1 and CDR2 in Nbs deviate from the canonical structures seen in
conventional antibodies [44, 45]. Additionally, the long CDR3 loop plays a dominant role in specificity,
and antigen recognition, contributing approximately 46% of the antigen-contacting residues in the Nb

(Figure 1.3) [46].
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Figure 1.3 Structural differences between conventional IgG VH domain and nanobody VHH domain. The
three complementarity-determining regions (CDRs) of the antigen-binding paratope are indicated red and orange
respectively. The CDR3 of nanobody VHH is typically much longer than that of conventional IgG VH. Created in
https://BioRender.com.

1.4.2 Advantages of nanobodies in immunoassays

Benefiting from their unique structures, Nbs offer significant advantages over conventional antibodies.
As the smallest natural antigen-binding fragments, Nbs can achieve equilibrium dissociation constants
in the nano- to picomolar range. While conventional IgGs also develop high affinity through affinity
maturation [47], Nbs often exhibit comparable binding ability despite their simpler structure. Their
longer CDR3 loops and dense framework enable access to concave epitopes that may be inaccessible
to full-sized antibodies [36, 48]. In addition, their smaller size allows for superior tissue penetration,
which facilitates the development Nb conjugates for both diagnostic and therapeutic purposes [49].

Beyond size, Nbs possess outstanding biochemical properties. As mentioned above, their high
solubility arises from hydrophilic residues in FR2, which lacks the hydrophobic interface typically
used for paring with VL domains. In addition FR3 contains charged residues that further enhance
solubility [50]. These hydrophilic residues contribute to the remarkable thermal and chemical stability

of Nbs, making them resistant to denaturants by extreme temperature, acidic, pH conditions, proteases



or ionic strength chemical agents [51] [52]. The presence of additional disulfide bonds within the VHH
domain further reinforces their thermal and conformational stability with minimal impact on antigen
binding affinity [51, 53]. Notably, Nbs also exhibit low immunogenicity, attributed to their high
sequence homology with human VH domains and their robust structural stability [54, 55]. This low
immunogenic potential has encouraged the development of Nbs in clinical settings, such as the
therapeutic applications for solid tumors or in vivo diagnostics [56, 57]. To further minimize
immunogenic responses in human therapy, strategies have been developed to humanize camelid Nbs

by modifying key residues while preserving antigen-binding capabilities [58].

1.4.3 Nanobody generation

For Nb generation, selecting the most suitable method is one of the main challenges. There are three
commonly used approaches for screening antigen-specific Nbs: immune, naive and synthetic libraries
(Figure 1.4). A comprehensive guide published in 2021 offered detailed recommendations for Nbs
generation and design across various applications [59]. The immune library approach involves
immunizing camelids, such as Bactrian camels, dromedaries, llamas or alpacas. This process typically
requires two months and involves four to eight rounds of antigen injections. Soluble recombinant
proteins are considered ideal for immunization, although DNA vaccines can also be employed [60, 61].
In cases where camelid antigens are difficult to obtain, transgenic mice engineered to produce heavy-
chain-only antibodies can serve as a viable alternative [62, 63]. Following immunization, lymphocytes
are isolated from the blood. Their mRNA is extracted and reversed-transcribed into complementary
DNA (cDNA). Subsequently, a two-step polymerase chain reaction (PCR) is performed to amplify the
VHH gene regions. Finally, the PCR products are digested, ligated and typically transformed in
Escherichia coli. A high-quality immune library should contain more than 107 individual transformants
[59].

Once the Nbs library has been established, antigen-specific Nbs are selected and retrieved using
various screening methods [64]. The most established and widely used method is phage display
technology [65, 66], wherein library DNA with M13 bacteriophages that express Nb-encoding
sequences on their surface. These phage particles are then incubated with immobilized antigens and
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washed to remove excess or unbound phage particles. Bound phages are eluted, typically with a low-
pH buffer, and used to infect new bacteria. Through multiple iterative rounds of binding and
enrichment, high affinity candidates are identified, often using ELISA [67]. To obtain the highest
affinity binders and remove the weakest binders, surface plasmon resonance (SPR) or biolayer
interferometry can be employed. Using a SPR, the kofr (disassociation rate) value of nanobody with an
immobilized antigen can be measured. Due to a kon of the bound Nb (10° — 10® M''s™), the Nb
candidates with a kogrrate of 107 s! are classified as a low-binding affinity event [59]. Additionally, a
novel technology called NestLink, which bypasses the need for handling individual clones, has been
developed to enable the direct selection of binders with desired characteristics in tissues and living

organisms [68].
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Figure 1.4 The process of nanobody generation. A schematic diagram of three common approaches including

immune, naive and synthetic libraries. Created in https://BioRender.com.

1.4.4 Nanobody expression and purification

Nbs, or recombinant Nbs, can be successfully expressed in a variety of expression systems such as
bacteria, yeast, insect cells, mammalian cell lines and plants [69, 70]. Among these, bacteria are the

most popular expression systems due to their ease of use, cost-effectiveness and rapid growth.
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However, the yield of functional Nbs can be sometimes suboptimal, even when using oxidizing strains
to design to enhance proper disulfide bond formation. Yeast, such as Pichia pastoris, is a powerful
alternative, capable of producing high level of soluble, and correctly folded Nbs. However, yeast N-
glycosylation, particularly the presence of high mannose glycans can lead to immunogenicity concerns,
which may limit their suitability for therapeutic applications. Plants are also good hosts for protein
expression due to some advantages such as simple genetic transformation, scalability, safety, and
ability to perform post-translational modifications (PTMs). A unique feature of plant expression is that
antibodies can be delivered orally when expressed in Arabidopsis thaliana seeds [71]. However,
instability of the transgene in chloroplast stroma may lead to failed Nbs production [72]. Insect cell
expression systems can produce proteins efficiently while maintaining biosafety standards. They offer
a relatively low-cost and simplified process for producing functional Nbs, particularly when using
baculovirus-based system. To date, mammalian cell expression remains the most effective method for
producing therapeutic antibodies, including Nbs. Their ability to carry out precise and complex PTMs
makes them especially suitable for recombinant proteins expression [73]. Currently, Chinese hamster
ovary (CHO) cells, human embryonic kidney (HEK) 293 cells, and mouse B cells are the most
commonly applied for Nbs production [61, 74, 75].

The most used method for purifying nanobody proteins involves incorporating a 6 xhistidine (His) tag,
which enables efficient purification via immobilized metal affinity chromatography (IMAC). In this
technique, the His-tag binds specifically to immobilized metal such as nickel or cobalt on the solid
support, facilitating selective enrichment of the target protein with high efficiency and yield [76]. To
achieve higher levels of purity, size-exclusion chromatography is often employed as a secondary
purification step [77]. On the other hand, Nbs without a tag can be effectively purified using alternative
methods. These include protein A chromatography, which utilizes specific Fc binding, or ion exchange
chromatography, which separates proteins based on their charge properties [78, 79]. These methods
provide flexibility in purification strategies, depending on the Nb’s expression format and intended

application.
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1.5 Methods for conjugating fluorescence dyes to Nbs

Fluorescent proteins (FPs), derived from the green fluorescent protein (GFP) family, are a widely
used method for biological imaging. FPs can be genetically fused to a protein of interest (POI),
allowing researchers to visually monitor the localization and biochemical activities in living cells
and tissues [80-82]. Although newer-generation FPs, such as mScarlet, offers enhanced brightness
and photostability compared to earlier variants [83], small organic dyes still provide significant
advantages for high-performance imaging applications. These dyes are typically much smaller in
size (~1kDa vs. ~25kDa for FPs) which minimize steric hindrance and reduce the possibility of
interfering with the native structure or function of the target protein [84]. In contrast, the relatively
large size of FPs can disrupt protein folding, localization or interaction dynamics, especially when
they are performed in sensitive systems. For example, studies have shown that FPs can significantly
change protein oligomerization and activity[85]. Moreover, small organic dyes exhibit higher
quantum yields, sharper spectral definition and improved photostability under imaging conditions.
These characteristics make them particularly suitable for advanced imaging techniques requiring
high resolution, multiplexing or long-term fluorescence stability [86-88]. To address these
limitations, various methods have been developed to conjugate fluorescence dyes to antibodies.
These methods include N-hydroxysuccinimide (NHS) ester-mediated conjugation [89] [90], which
involves the reaction with primary amines, predominantly located on the lysine residues within
antibody structures; maleimide-thiol conjugation, which targets thiol groups on cysteine residues
using maleimide-activated dyes [91]; click chemistry, which employs biorthogonal reactions such as
azide-alkyne cycloaddition to conjugate fluorescent probes to antibodies [92]; affinity-based labeling,
which relies on high-affinity interactions—such as biotin-streptavidin or Protein A/G—to non-
covalently link fluorescent tags to antibodies [93, 94]; and enzymatic labeling, which uses enzymes
capable of recognizing specific amino acid sequences or functional groups to facilitate covalent
bonding between fluorescence dyes and antibodies (e.g., sortase A, SNAP-tag, Halo-tag, CLIP-tag)
[95-98].

13



1.6 SNAP-tag

To address the limitations associated with traditional conjugation methods, self-labeling protein tags
have been developed over the last few decades. These tags specifically react with synthetic substrates,
enabling efficient and site-specific labeling of POIs with organic dyes or other small molecules. The
most commonly used self-labeling tags are SNAP-tag [99], CLIP-tag [97] and Halo-tag [100]. Of these,
the SNAP-tag is particularly favored for both extracellular and intracellular labeling in living cells due
to its high specificity and versatility.

SNAP-tag technology based on an engineered version of the human repair protein O6-alkylguanine-
DNA alkyltransferase (hAGT). It is a 20 kDa protein composed of 207 amino acids that rapidly and
specifically reacts with O6-benzylguanine (BG) derivatives. The reaction involves transferring a
benzyl group to its active site through a nucleophilic substitution reaction and simultaneously releasing
free guanine (Figure 1.5) [101]. This reaction generates an irreversible thioether bond between the
SNAP-tag and the probe [102, 103]. The SNAP-tag can be genetically fused to either the N-terminus
or C-terminus of target proteins without affecting their function [103, 104]. As a self-labeling tag,
SNAP-tag has demonstrated high reaction efficiency and specific labeling making it ideal for various
imaging and biochemical applications. A wide range of BG substrates are commercially available,
including BG-GLA-NHS, BG-biotin, BG-fluorophores and others, for synthesizing different probes.
In this work, BG-fluorophores substrates were used.

Since the SNAP-tag reaction yields stable and quantifiable fluorescent labeling, it enables the detection
and quantification of the labeled protein by sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using fluorescent scanning. Moreover, the labeling process requires no auxiliary
enzymes or activation steps. This simplicity allows for the use of both cell-permeable substrates
(suitable for intracellular and cell-surface labeling) and non-cell-permeable substrates (restricted to
cell-surface labeling), depending on the experimental design. For example, SNAP-tag fusion proteins
expressed in mammalian cells can be labeled intracellularly with the commercially available substrate
red-emitting dye tetramethylrhodamine (TMR). This approach enhances imaging resolution of
stimulated emission depletion (STED) microscopy to 40 nm in living cells [105]. Maurel et al.,

developed a technology that combines time-resolved fluorescence resonance energy transfer (FRET)
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with SNAP-tag in living cells, enabling the study of cell-surface protein interactions in real time [106].
Other fluorescent applications, such as flow cytometry, immunofluorescence, and single-molecule
labeling, further highlight the advantages of SNAP-tag technology [107-109]. Currently, SNAP-tag

and the BG-fluorophores substrates are commercially available from New England Biolabs (NEB).
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Figure 1.5 Labeling mechanism of SNAP-tag fusion proteins. Created in https://BioRender.com.

1.7 Tyramide signal amplification

Tyramide signal amplification (TSA), also known as catalytic reporter deposit (CARD), is an
immunoassay that catalyzes the deposition of tyramide to detect target molecules. In this method, HRP
converts tyramide into highly reactive radicals in the presence of a low concentration of hydrogen
peroxide. The activate tyramide radicals then covalently bind to tyrosine residues on proteins at or near
the site of HRP activity (Figure 1.6). Consequently, HRP functions as a catalyst that facilitates
fluorophore-tyramide complexity, leading to signal amplification of up to 100-fold [110]. In TSA, the
detection relies on either an HRP-conjugated secondary antibody, or biotinylated secondary antibody
followed by avidin-biotin complex (ABC) techniques [111]. Due to the simplicity and time efficiency
of the detection step, the use of HRP-labeled secondary antibodies has become the most common

approach in TSA-based detection protocols.
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Figure 1.6 Illustration of the tyramide signal amplification system. Created in https://BioRender.com.

Based on TSA technology, multiplex immunofluorescence (mIF) assays have been subsequently
developed to address the limitations of traditional immunochemistry, which typically allows only
single-marker staining per slide using brightfield imaging. TSA-based mIF enables the simultaneous
detection of multiple biological markers on a single slide using fluorescence dyes with distinct
emission spectra. This approach provides spatial information about cells, cell-cell interactions and cell-
tissue relationships in diseases contexts, offering valuable insights for therapeutic development. The
general workflow of TSA is illustrated in Figure 1.7. A critical step in this process involves the use of
microwave heating to strip primary and secondary antibodies before initiating the next staining cycle.
This step preserves the antigen-tyramide-fluorophore complexes, while removing unbound antibodies
and any residual horseradish peroxidase (HRP). This ensures minimal cross-reactivity between
antibody species and prevents interference during subsequent staining cycle [112]. TSA-based mIF
has been successfully applied to more than 4,000 formalin-fixed paraffin-embedded tissues (FFPE)
tumor samples for protein-level translational research, aiding in the identification of therapeutic target
biomarkers [113]. Later advancements have enabled TSA-based mIF to stain up to eight markers on a
single slide. This capability allows researchers to design tailored marker panels for their research goals,
such as profiling immune cell populations, mapping T-cell and myeloid cell distributions, and
analyzing immune architecture within the tumor microenvironment (TME). Following image
acquisition, single-cell expression data and cell phenotypes can be extracted and analyzed, offering a

deeper understanding of the TME and helping guide the development of innovative cancer therapies

16



[114]. Benefiting from its signal amplification, TSA-based mIF provides a stronger signal compared
to conventional indirect immunofluorescence methods [111, 115]. TSA-based mIF is now
commercially available as TSA-based mIF staining kits, such as the Opal™ kits from Perkin Elmer,
which offer up to seven-color detection for immune cell profiling. These kits allow the evaluation of
complex phenotypes within the TME, including markers like CD3, CD4, CDS8, CD20, CD25, CD68,

CD69, Ki-67, FOXP3, Tim-3 and PD-1 [112].
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Figure 1.7 The schematic workflow of tyramide signal amplification for multiplex staining. Created in

https://BioRender.com.
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2. Aims and obejctives

This study aims to develop and evaluate recombinant nanobody-based substitutes for conventional
secondary antibodies as a scalable, reproducible and animal-reduced alternative for indirect
immunofluorescence assays (IFA). The approach focuses on overcoming common limitations of
traditional secondary antibodies, including batch-to-batch variability, large molecular size, ethical
concerns related to animal use and costly production process.

To achieve this, the study applies SNAP-tag technology to enable site-specific fluorescent labeling of
previously established anti-mouse and anti-rabbit nanobodies for IFA. Additionally, nanobody-HRP
fusion proteins are generated and characterized as recombinant alternatives to conventional HRP-
conjugated secondary antibodies in WB and TSA-based mIF applications. All recombinant proteins
are expressed in the HEK293T mammalian expression system to ensure high-yield, laboratory-scale
production. Finally, the study assesses the performance, specificity and applicability of these
nanobody-based reagents in comparison to traditional anti-mouse IgG and anti-rabbit IgG secondary

antibodies.
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3. Materials and methods

3.1 Materials

3.1.1 Buffers or solutions

Table 3.1 List of buffers or solutions

Buffers/solutions Composition
10 x TBS 200 mM Tris-base
(pH 7.6) 1200 mM NaCl

TAE buffer 40 mM Tris-base
(pH 8.0) 20 mM acetic acid
1 mM EDTA

4 x Ni-NTA Binding buffer 200 mM NaH2POq4
(pH 8.0) 1200 mM NaCl
40 mM Imidazole

Ni-NTA Washing buffer 50 mM NaH>POq4
(pH 8.0) 300 mM NaCl
40 mM Imidazole
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Stripping buffer 20 mM NaH2POg4
(pH 7.4) 500 mM NaCl
50 mM EDTA

Sodium citrate buffer 10 mM Sodium citrate

(pH 6.0) 0.05% (v/v) Tween 20

LB medium 25 g LB-Medium (Luria/Miller)

(pH 7.0) 1000 ml Milli-Q water

LB medium agar supplemented with ampicillin LB medium
0.27 mM Ampicillin
0.015% (w/v) Agar agar

PBST 154 mM NaCl

(pH 7.4) 7.68 mM Na,HPO4
2.3 mM NaH,POg4
0.1% (v/v) Tween 20
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3.1.2 Kits

Table 3.2 List of kits

Kit

Supplier

SuperSignal™ West Pico PLUS Chemiluminescent Substrate

Vector NovaRED® Substrate Kit, Peroxidase (HRP), SK-4800

NucleoSpin® Gel and PCR clean-up

NucleoSpin® Plasmid

Halt™ Protease Inhibitor Single-Use Cocktail (100x%)

Thermo Scientific

Vector Laboratories

Macherey-Nagel

Macherey-Nagel

Thermo Scientific

Trans-Blot Turbo Transfer 5x Buffer Bio-Rad
ROTI®Stock 10 x TBS Carl Roth
3.1.3 Antibodies
Table 3.3 List of primary antibodies
Antigens Host/Isotype Catalog Supplier
Epidermal growth factor receptor Monoclonal MAS5-13070 Thermo  Fisher
(EGFR, H11) mouse/IgG1, kappa Scientific
EGFR (30H45L48) Recombinant monoclonal 700308 Thermo  Fisher
rabbit/IgG Scientific
CD20 (L26) Monoclonal 14-0202-82 Thermo  Fisher
mouse/IgG2a, kappa Scientific
EGFR (199.12) Monoclonal MAS5-13319 Thermo  Fisher
mouse / [gG2a Scientific
EGFR Polyclonal HPAO018530 Sigma-Aldrich
rabbit/IgG
Human epidermal growth factor Monoclonal MAS5-13675 Thermo  Fisher
receptor 2 (HER-2, 3B5) mouse/IgG1 Scientific
Progesterone receptor (PR, Monoclonal MAS-14842 Thermo  Fisher
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R.809.9)

Estrogen receptor alpha (ERa,1D5)

Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, ZG003)
Nerve/glial-antigen 2 (NG2,
D120.43/D4.11/N143.8/N109.6)

Folate receptor alpha (FOLRI,

548908)

Epithelial cell adhesion molecule

(EpCAM, 1B7)

rabbit/IgG

Monoclonal

Scientific

MAS5-13191 Thermo  Fisher

mouse/IgG1, kappa

Monoclonal

39-8600

mouse/IgG1, kappa

Monoclonal

37-2700

mouse/ [gG1, kappa

Monoclonal
mouse/ [gG1

Monoclonal

Scientific
Thermo  Fisher
Scientific
Thermo  Fisher

Scientific

MAS5-23917 Thermo  Fisher

14-9326-82

mouse/ [gG1, kappa

Scientific
Thermo  Fisher

Scientific

beta Catenin 1 (CTNNB1) Polyclonal HPA029159 Sigma-Aldrich
Rabbit/ IgG

Ankyrin 3 (ANK3) Polyclonal HPAO038455 Sigma-Aldrich
Rabbit/ IgG

CD31 (2F7B2) Monoclonal MAS5-15336 Thermo  Fisher
Mouse/ 1gG1 Scientific

o Smooth Muscle Actin (aSMA, Monoclonal A2547 Sigma-Aldrich

ACTA2) Mouse/ IgG2a

Table 3.4 List of secondary antibodies

Name Host/Isotype Catalog Supplier

Alexa Fluor™ Plus 647 conjugated with goat anti- Polyclonal =~ A32728 Thermo Fisher

mouse IgG (H+L) Goat/ IgG Scientific

Alexa Fluor™ 647 conjugated anti-rabbit IgG Polyclonal =~ A21245 Thermo Fisher

(H+L) Goat/ IgG Scientific

HRP-conjugated anti-mouse IgG (H+L) Polyclonal ~ G21040 Thermo Fisher

Goat/ IgG Scientific

HRP-conjugated anti-rabbit IgG

Polyclonal ~ 7074S

Cell Signaling
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Goat/ IgG Technology

3.1.4 Consumable materials

Table 3.5 List of consumable materials

Consumable material Purpose Supplier

Zeba™ Spin Desalting Columns, 7K MWCO Size exclusion Thermo Fisher
Scientific

Ni-NTA superflow cartridge Protein purification Qiagen

HiTrap Desalting column Buffer exchange Cytiva

3.1.5 Laboratory equipment

Table 3.6 List of laboratory equipment

Equipment Supplier

NanoDrop™ One® MicrovolumeUV-Vis Spectrophotometer Thermo Fisher Scientific
Gel Doc™ XR+ System Bio-Rad

peqSTAR Thermocycler VMR

Fisherbrand™ Multi-Platform Shaker Fisher Scientific
Trans-Blot® Turbo™ Transfer System Bio Rad

Mini-PROTEAN® Tetra Vertical Electrophoresis Cell for Mini ~ Bio Rad

Precast Gels

CytoFLEX Flow Cytometers Beckman Coulter
pH-Meter CG840 Schott
PowerPac™ Basic Power Supply Bio Rad
Microwave R242INW Sharp

Centrifuge 5427 R Eppendorf
ThermoMixer F2.0 Eppendorf
Analytical balance ABJ 120-4NM Kern
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Precision balance 600-2NM Kern

PCR UV cabinet, UVC/T-M-AR Grant bio

Incubator IN75 Memmert

AKTA start system GE Healthcare Bio-Sciences AB
Inverted microscope, ECLIPSE Ts2-FL Nikon

Megafuge 16R centrifuge Thermo Scientific
Axio Scan.Z1 slide scanner Zeiss

DMi8 S Live-cell microscope Leica Microsystems
Incubator Modek CB 170 BINDER

Odyssey DLx Imager LI-COR Biosciences
Water bath WB 7 Memmert

Vortex RS-VA 10 Phoenix Instrument
Intas ECL chemostar Intas Science Imaging
Infinite® Mplex microplate reader Tecan

Table 3.7 Software

Program name Supplier Application

Image J National Institutes of Health Image analysis
GraphPad Prism 9.0.0 GraphPad Software Data analysis

Adobe Photoshop 2020 Adobe Image processing
Adobe Illustrator Adobe Image processing

Flow Jo 10.7.1 Becton, Dickinson & Company Flow cytometry analysis
Qupath 0.5.1 GitHub Image analysis

Image Lab software Bio-Rad Image analysis

Image Studio Lite Ver 5.2 LI-COR Biosciences Image processing

3.1.6 Cell lines and culture medium

Breast cancer cell lines MDA-MB-468 (ACC 738), MDA-MB-231 (ACC 732), MDA-MB-453 (ACC
65), Hs578T (ACC 781) and MCF-7 (ACC 115) were purchased from the Leibniz Institute DSMZ-
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German Collection of Microorganisms and Cell Cultures and maintained in DMEM (Thermo Fisher
Scientific) supplemented with 10% heat-inactivated fetal calf serum (FBS) (Thermo Fisher Scientific)
and 1% penicillin-streptomycin (Thermo Fisher Scientifc). The endometrioid cell lines 127, 49Z,
THESC and Ishikawa were kindly provided by Lutz Konrad (Department of Obstetrics and
Gynecology, Justus Liebig University Giessen). The cell lines 49Z and 12Z were cultured in complete
DMEM. T-HESC cells were cultured in DMEM/F12 (Thermo Fisher Scientific) supplemented with
10% FBS, 1% penicillin-streptomycin and 1% insulin-transferrin-selenium-ethanolamine (ITS-X, 100
x, Thermo Fisher Scientific). Ishikawa cells were cultured in MEM (Biowest), supplemented with 5%
FBS and 1% non-essential amino acids (NEAA, Thermo Fisher Scientific). The HEK293T (American
Type Culture Collection) cells was cultured in RPMI 1640 (Thermo Fisher Scientific) containing 10%
FBS and 1% penicillin-streptomycin. All cells were maintained in a humidified atmosphere of 5% CO»

at 37 °C.

3.1.7 Enzymes

All restricted enzymes were purchased from New England Biolabs. Taq polymerase and Ultra DNA
polymerase were purchased from Jena Bioscience. Phusion High-Fidelity DNA Polymerase was
purchased from Thermo Scientific. In-Fusion® Snap Assembly Master Mix was purchased from

TaKaRa.

3.2 Methods

3.2.1 Molecular biology techniques

3.2.1.1 Preparation of chemically competent E. coli

DH5a E. coli (2 pl) was incubated in 2 ml LB medium overnight at 37 °C with shaking at 250 rpm.
Next day, 1 ml of E. coli growth culture was added into 100 ml LB medium, incubating at 37 °C with
250 rpm shaking until the OD600 reached 0.25-0.3. The culture was then chilled on ice for 15 min.
After centrifugation, the supernatant was discarded, and the E. coli pellet was resuspended in 35 ml
ice-cold 0.1 M CaCl. The suspension was kept on ice for 30 min. Following another centrifugation

step, the E. coli pellet was resuspended in 6 ml ice-cold 0.1 M CaCl»/15% (v/v) glycerol and aliquoted
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into 0.1 ml pre-cooled sterile tubes, then immediately snap-frozen in liquid nitrogen. The aliquots were

stored at -80 °C.

3.2.1.2 Transformation and inoculation of chemically competent E. coli

DH5a cells (100 pl) were taken from the -80°C freezer and thawed on ice. Either 0.5 pl plasmid or 5-
10 pl ligation products (10 pg-100 ng DNA) were added to the cells and incubated on ice for 30 min.
The mixture was heated-shocked at 42 °C for 45 s and immediately chilled on ice for 5 min.
Subsequently, 800 ul antibiotic-free LB medium was added to the cells and incubated for 1 h at 37 °C
with shaking at 250 rpm. The culture was centrifuged at 5000 rpm for 2 min, and 800 pl supernatant
was discarded. The cell pellet was resuspended in the remaining medium and plated on LB agar plates
containing 100 pg/ml ampicillin and incubated overnight at 37 °C. The next day, single colony was
picked and inoculated into 2 ml LB medium containing 100 pg/ml ampicillin. The culture medium was

incubated overnight at 37 °C with shaking at 250 rpm.

3.2.1.3 Extraction of plasmid DNA from E. coli and bacterial storage

Plasmid DNA was extracted from 1.5 ml of E. coli LB culture after overnight incubation using
NuleoSpin® Plasmid kit according to manufacturer’s instructions. The rest 0.5 ml of bacterial culture

was mixed with 0.5 ml of 50% (v/v) glycerol and stored at -80 °C.

3.2.1.4 PCR

PCR was used for amplifying the DNA of fragments and vectors. Taq polymerase, Ultra DNA
polymerase and Phusion High-Fidelity DNA polymerase were applied as PCR kits in this project.

For Taq polymerase reaction system (Table 3.8), including the initial denaturation step for 5 min at
94 °C, 30 cycles of annealing step (30 s denaturation at 94 °C, 30 s primer annealing at 58-60 °C and
1kb/min elongation at 72 °C), then 10 min final elongation step at 72 °C.

Table 3.8 Taq polymerase reaction

Component Volume
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10 x Taq reaction buffer
10 mM dNTP*

Forward primer (10 uM)
Reverse primer (10 pM)
Taq polymerase

DNA template

PCR-grade water

Sul

1-3 ul

Il

1l

0.5 ul

1wl (1ng)
Fill up to 50 pl

*1 ul of ANTP was used for fragment amplification, and 3 pl was used for vector amplification.

For Ultra DNA polymerase (Table 3.9), the initial denaturation step for 30 s at 98 °C, 35 cycles of

annealing step (10 s denaturation at 98 °C, 30 s primer annealing at 58-60 °C, and 1kb/min elongation

at 68 °C), then 10 min final elongation step at 68 °C.

Table 3.9 Ultra DNA polymerase

Component Volume
5x Ultra DNA buffer 10 pl

10 mM dNTP* 1-3 ul
Forward primer (10 uM) 1wl
Reverse primer (10 pM) 1wl

Ultra DNA polymerase 0.5 ul
DNA template 1 ul (1 ng)

PCR-grade water

Fill up to 50 pl

*1 ul of ANTP was used for fragment amplification, and 3 pl was used for vector amplification.

For Phusion™ High-Fidelity DNA polymerase (Table 3.10), the initial denaturation step for 30 s at

98 °C, 35 cycles of annealing step (10 s denaturation at 98 °C, 30 s primer annealing at 60-64 °C and

1kb/30 s elongation at 72 °C), then 10 min final elongation step at 72 °C.

Table 3.10 Phusion™ High-Fidelity DNA polymerase reaction

Component

Volume

5 x Phusion™ HF buffer

10 mM dNTP*

10 pl

1-3 ul




Primer forward (10 uM) 2.5 ul

Primer reverse (10 uM) 2.5 ul
Phusion™ High—Fidelity DNA polymerase 0.5ul

DNA template 1 pl (1 ng)
PCR-grade water Fill up to 50 pul

*1 ul of ANTP was used for fragment amplification, and 3 pl was used for vector amplification.

3.2.1.5 Restriction enzyme digestion

Restriction enzyme digestion of PCR products and DNA plasmids was performed for further
recombinant plasmids generation. Typically, the digestion was incubated for 1 h at the recommended
temperature from manufacturer. For two-site digestions with different temperature, the reaction was
incubated at 37 °C for 1 h followed by at 50 °C for 1 h. The preparation of restriction enzyme reaction,
and reaction temperature were listed in Tables 3.11 and 3.12.

Table 3.11 Restriction reaction prepared in this project

Component Volume  (ul) Final concentration
DNA variable 1 pg

Restriction enzyme variable 5U

10 x rCutSmart"™" Buffer 2.5 1 x

Ultrapure water Fill up to 25 ul -

Table 3.12 List of restriction enzymes

Restriction enzyme Optimal temperature
Xbal 37°C
Sfil 50 °C
Blpl 37°C
Ndel 37°C

3.2.1.6 Agarose gel electrophoresis and DNA purification

Agarose gel electrophoresis was used to separate DNA fragments from PCR-amplified and restricted-
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digested samples based on their size. DNA samples were mixed with 6 X purple gel loading dye (New
England Biolabs) and loaded into 1% (w/v) agarose gels containing 1 x SYBR Safe DNA Gel Stain
(Invitrogen) at 100 V for 30 min. The 2-Log DNA ladder (New England Biolabs) was used as DNA

marker. Gel was visualized under UV light using ChemiDoc XRS+ System.

3.2.1.7 Extraction of plasmid DNA from agarose gel

For DNA extraction from agarose gel, required DNA bands were cut from the gel under UV light.
NucleoSpin® Gel and PCR clean-up kit was used according to the manufacturer's instructions for DNA

extraction.

3.2.1.8 Ligation

Ligation was performed by Quick Ligation™ kit (New England Biolabs) or In-Fusion® Snap
Assembly Master Mix (Takara Bio Inc.), depending on the method used for amplifying the DNA insert
and vector, according to the manufacturer's instructions. Ligation reactions were prepared as in Tables
3.13 and 3.14

Table 3.13 Ligation reaction of Quick Ligation™ kit

Component Volume  (ul) Final concentration
Ligase 1 1 ug

2 x Reaction buffer 10 1 x

Insert DNA* variable variable

Vector DNA variable 50 ng
Nuclease-free water Fill up to 20 pl -

* The molar ratio of insert DNA fragments to vector backbone was 3:1

Table 3.14 Ligation reaction of In-Fusion® Snap Assembly Master Mix

Component Volume  (ul) Final concentration
5 x In-Fusion Snap Assembly Master Mix 2 1 x
Vector DNA variable 50 ng
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Insert DNA* variable variable

Nuclease-free water Fill up to 10 pl -

* The molar ratio of insert DNA fragments to vector backbone was 2:1

3.2.1.9 DNA sequencing

To check the accuracy of insertions, sequencing of all generated plasmids was performed by Eurofins
Genomics (Ebersberg, Germany). Here 500 ng of Plasmid and 25 pmol primer in 10 pl total volume

was prepared. The primers used for sequencing was IgK-For (ACACACTCCTGCTATGGQG).

3.2.1.10 Establishment of expression constructs

3.2.1.10.1 Nbs anti-IgG-SNAP plasmids

The Nbs anti-IgG-SNAP plasmids were generated using the eukaryotic expression vector pMS, which
is derived from pSecTag2 vector [116]. The pMS-scFv-425-SNAP construct, previously described
[107], served as a vector backbone in this project and contained Sfil and Xbal restriction sites. For
cloning insert fragments, nanobody plasmids pTP943, pTP1112, pTP1005, pTP1174 and pTP1183
were gifts from Dirk Gorlich (AddGene plasmid # 104157, # 104158, # 104160, # 104162, # 104163
respectively) [117]. The insert fragments were obtained from the nanobody plasmids and equipped
with Sfil and Xbal restriction sites through PCR amplification using Taq polymerase. The pMS-SNAP
vector and anti-IgG nanobody PCR products were digested with Sfil and Xbal restriction and
subsequently ligated to generate the following constructs: pMS-Nb anti-mouse IgG1 Fab-SNAP, pMS-
Nb anti-mouse IgG1 Fc-SNAP, pMS-Nb anti-mouse IgG2a Fc-SNAP, pMS-Nb anti-mouse kappa
chain-SNAP and pMS-Nb anti-rabbit I[gG Fc-SNAP.

Table 3.15 Anti-IgG nanobody plasmids used in this project

Plasmid name Catalog Features

pTP943 104157 Anti-mouse IgG1 Fab specific nanobody TP886
pTP1112 104158 Anti-mouse IgG1 Fc specific nanobody TP1107
pTP1005 104160 Anti-mouse IgG2a Fc specific nanobody TP1129
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pTP1174 104162 Anti-mouse kappa chain specific nanobody TP1170

pTP1183 104163 Anti-rabbit IgG Fc specific nanobody TP897

Table 3.16 Primers used for Nbs anti-IgG-SNAP expression constructs in this project

Primer Sequence (5°-3°) Purpose

Nano-For CGCCGGGGCCCAGCCGG Amplify anti-mouse IgGl Fab, anti-mouse
CCCAGGTGCAATTGGTAG IgG2a Fc, anti-mouse kappa chain, anti-rabbit

IgG Fe

Nano-Rev TTAAGATCTAGAACATG Amplify anti-mouse IgGl Fab, anti-mouse
ATGAGACTGTGACC IgG1 Fc

pTP1112- CGCCGGGGCCCAGCCGG Amplify anti-mouse IgG1 Fc

For CCCAGGTGCAATTGGTGG

pTP1112- AGCTAATCTAGAACATCC Amplify anti-mouse IgG1l Fc, anti-mouse

Rev ACCGGAGGAG kappa chain, anti-rabbit IgG Fc

3.2.1.10.2 Nbs anti-IgG-HRP plasmids

To generate pMS-Nbs anti-IgG-HRP plasmids, pUC19-HRP-C (a gift from Paul Ortiz de Montellano,
Addgene plasmid # 40163) was used as an insert fragment. The vectors and inserts were amplified
with specific primers (Table 3.17) using Phusion™ High-Fidelity DNA polymerase or Ultra DNA
polymerase. The amplified products were ligated with In-Fusion® Snap Assembly Master Mix to
construct pMS-Nbs anti-IgG-HRP recombinant plasmids. To clone the constructs into the pHR
expression vector [118], Blpl and Ndel restriction enzymes were used to digest pHR-Herceptin-HC-
SNAPTf (previously generated in our lab) and pMS-Nbs anti-IgG-HRP. The digested produces were
ligated to generate pHR-Nbs anti-IgG-HRP recombinant plasmids.

Table 3.17 Primers used for Nbs anti-IgG-HRP expression constructs in this project

Primer Sequence (5°-3) Purpose

Frag TTCGTGCTCAGCGCCAG Amplifying HRP fragment
nanoHRP-For AGTTGCTGTTGACCACTCTG

Frag TCATCATGTTCTAGAATG Amplifying HRP fragment for Nbs anti-
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g1fabHRP-
Rev

Vector
nanoHRP-For
Vector
glfabHRP-
Rev

Frag glfc-Rev

Vector

nanoHRP-Rev

Vector

g2aHRP-Rev

CAGTTAACCCCTACATTCTACG

GGCGCTGAGCACGAATTT

TCTAGAACATGATGAGACT
GTGACCT

GGTGGATGTTCTAGAATGCA
GTTAACCCCTACATTCTACG

TCTAGAACATCCACCGGAGGAG

TCTAGAACATGATGAGAC
TGTGACCC

mouse IgG1 Fab- and IgG2a-HRP

Amplify vector Nbs pMS-anti-IgG

Amplifying vector pMS-anti-mouse 1gG1
Fab

Amplifying HRP fragment for anti-mouse
kappa chain-, IgG1 Fc- and anti-rabbit IgG
Fc-HRP

Amplifying vector Nbs pMS-anti-mouse
kappa chain, pMS-anti-mouse IgGl Fc
and pMS-anti-rabbit IgG Fc

Amplifying  vector = pMS-anti-mouse

IgG2a

3.2.2 Protein expression

3.2.2.1 Cell culture

The cell lines and their culture media used in this project were described in Section 3.1.6. Generally,

every 3-4 days, when the confluence of the cell-culture flask reached 70-80%, cells were passaged. All

cell lines were grown at 37 °C in a 5% CO: humidified incubator.

3.2.2.2 Transfection of HEK?293T cells with recombinant DNA

3.2.2.2.1 Liposome-mediated transfection of HEK293T cells with Nbs anti-IgG-SNAP DNA

HEK293T cells were transfected with Nbs anti-IgG-SNAP DNA using ROTI®Fect following the
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manufacturer’s instructions. A total of 400,000/well cells were seeded in a 6-well plate and incubated
overnight at 37 °C in a 5% CO> incubator. Recombinant DNA (2 pg) was diluted in serum-free RPMI-
1640 medium without antibiotics to a final 100 ul volume. Separately, 10 ul of ROTI® Fect transfection
reagent was mixed with 90 pl of serum-free RPMI-1640 without antibiotics. The two solutions were
mixed and incubated at room temperature for 20 min. After replacing the cell medium with fresh
antibiotic-free RPMI-1640 containing serum, 200 pl of the nucleic acid-lipid complex was added
dropwise to the cells. The cells were incubated at 37 °C in a 5% COz incubator overnight. After 24 h,
the culture medium was replaced with complete RPMI-1640 medium supplemented with 0.1% (v/v)

zeocin to select successful transfected cells.

3.2.2.2.2 Lentiviral production in HEK293T cells for Nbs anti-IgG-HRP DNA

HEK293T cells (2.5 x 10°) were seeded in a 10-cm? culture Petri dish and cultured overnight to achieve
70%-80% confluency. For transfection, a plasmid mixture containing pHR-Nbs anti-IgG-HRP,
psPAX2 and pMD2.G was prepared in a 4:3:1 ratio (6 ug total DNA). The plasmid mixture was diluted
in 1 ml Opti-MEM™ Reduced Serum Medium (Thermo Fisher Scientific), followed by addition of 27
ul of TransIT293 Transfection Reagent. The mixture was gently pipetted and incubated at room
temperature for 20 min. The transfection mixture was added dropwise to the plate containing
HEK293T cells and 10 ml of fresh antibiotic-free RPMI-1640 containing serum. This transfection was
performed in the laboratory of Molecular Cytology and Functional Genomics, Pathology Department,
Justus Liebig University Giessen. The cells were incubated at 37 °C in a 5% COz incubator overnight.
After 24 h, the culture medium was replaced with complete RPMI-1640 medium. After 48 h, the
culture supernatant was collected and spun down at 800xg for 10 min at room temperature followed
by filtering through a sterile 0.22 pm syringe filter. Then 1 volume of concentrator (80 g PEG-8000,
14.0 g NaCl, 20 ml 10 x PBS (pH7.4) and 80 ml MilliQ water) pH 7.2 was added to 3 volumes of
supernatant. The mixture was shaken for 60 s, then incubated with constant rocking at ~ 60 rpm for at
4 hours at 4 °C. The mixture then centrifuged at 1600 xg for 60 min at 4 °C and the pellet was

resuspended in 500 ul of PBS.
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3.2.2.2.3 The lentiviral transduction into HEK293T cells for producing Nbs anti-IgG-HRP DNA

HEK293T cells (3 x 10%) were seeded in 6 well plate (3 x 10° cells in 2 ml culture medium) and
incubated overnight at 37 °C in a 5% CO; incubator. The collected lentivirus (5 pl) was added to the
cells and incubated for further 24 h at 37 °C in a 5% CO: incubator. After that the media were replaced
with fresh medium and incubated for a further 48 h. The success of the transduction was confirmed by
detecting the GFP signal using fluorescence microscopy. After six passages, the absence of viral
particles was confirmed by laboratory personnel in accordance with institutional biosafety protocols.
Based on this confirmation, the stably transfected cells were downgraded to Biosafety Level 1. This
work was performed in the laboratory of Molecular Cytology and Functional Genomics, Pathology

Department, Justus Liebig University Giessen.

3.2.2.3 Recombinant expression of proteins

During the protein expression, the Nbs anti-IgG-SNAP transfected HEK293T cells were kept and
selected in complete RPMI-1640 medium supplemented with 0.1% (v/v) zeocin, while Nbs anti-IgG-
HRP transfected cells were cultured without zeocin selection. Direct ELISA was used to confirm that
Nbs anti-IgG-HRP were expressed and secreted into the medium. Here, 100 pl of supernatant was
applied as the coating antigen followed by TMB substrate (IBL International, Germany) incubation for
30 min at room temperature. After the color reaction was stopped, the optical density of the mixed
solution was measured using Infinite® Mplex microplate reader at 450 nm. For high-yield production,
cells were kept in a triple-layer flask containing 150-200 ml medium and replaced with fresh medium

every 5-7 days. Finally, 500-600 ml supernatant was collected and stored at 4°C up to 2 weeks.

3.2.2.4 Protein enrichment

All recombinant proteins were enriched using their C-terminal 6 x His-tag. The culture supernatant
was collected and centrifuged, followed by filtration through a 0.45-pm Corning® Vacuum Filter. The
culture supernatant was diluted to 1 x binding buffer concentration using 4 x binding buffer. An Ni-

NTA superflow cartridge was equilibrated with 1 % binding buffer before loading filtered supernatant.
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Immobilized proteins were isolated sequential use of binding buffer, washing buffer and elution buffer,
with recombinant proteins enriched in elution buffer. After purification, the cartridge was washed with
0.5 M NaOH to remove residual proteins, followed by using stripping buffer to remove nickel ions.
The cartridge was recharged with 100 mM NiCl, for reuse for the next purification. All collected
fractions were collected during the purification. To assess the activity of SNAP-tag, the SNAP-
fractions were incubated with SNAP-Surface® Alexa Fluor® 488 for 20 min at room temperature in
the dark. The fractions were then analyzed by 10% SDS-PAGE. For the presence of proteins, SDS gels

were stained with Coomassie Brilliant Blue.

3.2.2.5 Buffer exchange of purified proteins

HiTrap™ Desalting column was used to exchange the elution buffer into PBS according to the
manufacturer’s protocol. After washing the column with 5-column volumes of PBS, purified proteins
were applied to the desalting column. The buffer-exchanged fraction was collected when the UV

absorbance started to increase until back to baseline. Proteins were stored at -20 °C.

3.2.2.6 SDS-PAGE

To separate proteins based on their molecular weight, we used SDS-PAGE. The samples were mixed
with 5 x protein loading dye without boiling, then loaded and ran in 10% SDS-PAGE. The SDS-PAGE
was prepared as follows:

Table 3.18 10% SDS-PAGE gel recipe used in this project

Component 10% Separation gel 4% Stacking gel
Milli-Q water 4.1 ml 6.1 ml
Acrylamide/bis (30%

3.3 ml 1.3 ml
37.5:1)
Tris-HCI (1.5 M, pH 8.8) 2.5ml -
Tris-HCI (0.5 M, pH 6.8) - 2.5ml
10% SDS 100 pl 100 pl
10% APS 32 ul 100 pl
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TEMED 10 pl 10 pl

3.2.2.7 SDS-PAGE of proteins

The proteins were separated by SDS-PAGE according to their molecular weight. A 10% SDS gel was
prepared, and electrophoresis was conducted at 160 V for 60 min. A blue prestained protein standard
broad range (New England Biolabs) was used as a molecular weight marker. Following electrophoresis,
the gel was imaged using the ChemiDoc XRS+ System under UV light or the Odyssey DLx Imager.
Subsequently, the gel was incubated with Coomassie Brilliant Blue staining solution and the gel

destained overnight in water to visualize the protein bands.

3.2.2.8 Protein concentration quantification

To measure the concentration of the purified proteins, a bovine serum albumin (BSA) standard was
used. Different concentrations of BSA (0.2, 0.1, 0.05, 0.025 pg/ul) (New England Biolabs, 20 mg/ml)
were prepared in 10 pl of 1 x PBS. The BSA standards and protein samples were applied in 10% SDS

gel. The protein concentration and standard curve were determined by Image Lab™ software.

3.2.3 Labeling Nbs anti-IgG-SNAP with BG-modified fluorescent dyes

Nbs anti-IgG-SNAP were labeled with SNAP-Surface® Alexa Fluor® 488, SNAP-Surface® Alexa
Fluor® 546, SNAP-Surface® Alexa Fluor® 594 or SNAP-Surface® Alexa Fluor® 647 (New England
Biolabs) by incubating protein to fluorescence dye at 1:2 molar ratio at room temperature for 2 h in
the dark. The residual dyes were removed by 7K MWCO Zeba ™ Spin Desalting Columns according

to the manufacturer’s instructions.

3.2.4 Adherent cells lysis

A 10 cm cell culture dish was placed on ice, and the culture medium was removed. The cells were
washed twice with ice-cold PBS. Subsequently, PBS was completely aspirated, and 200 pl of RIPA

lysis and extraction buffer (Thermo Fisher Scientific) was added to the cells. The cells were scratched
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off and the suspension was transferred into a microcentrifuge tube. The tube was placed on ice for 30
min with agitation every 5 min. Subsequently, the suspension was centrifuged at 14000 rpm for 20 min
under 4 °C, and the lysis supernatant was transferred into a new tube on ice. Protein concentration in
the lysate was measured using NanoDrop™ One® spectrophotometer, ensuring equal amounts of

proteins were loaded into the SDS-PAGE.

3.2.5 Fluorescence Western blot

A total of 125 ng of primary antibody was loaded onto a 10% SDS-PAGE. These proteins were then
transferred onto ethanol-preactivated polyvinylidene difluoride (PVDF) membranes using the Trans-
Blot® Turbo™ transfer system. The membranes were blocked with Western blot blocking buffer (1%
BSA in TBST) for 1 h at room temperature, followed by incubation with Nb anti-IgG-SNAP-
Surface® Alexa Fluor® 647 (1ug/ml), Alexa Fluor™ Plus 647 conjugated with goat anti-mouse IgG
(H+L) (Thermo Fisher Scientific, A32728, 1:8000) and Alexa Fluor™ 647 conjugated anti-rabbit IgG
(H+L) (Thermo Fisher Scientific, A21245, 1:8000) for another 1 h individually. After incubation, the
membranes were washed three times in TBST, followed by a final wash in TBS. The membranes were

imaged using the Odyssey DLx Imager (LI-COR Biosciences).

3.2.6 Western blot

The proteins were separated by SDS-PAGE and transferred onto a PVDF membrane using the Trans-
Blot® Turbo™ transfer system (25V, 1.3A) for 15 min. The membrane was blocked with Western blot
blocking buffer for 1 h at room temperature, followed by overnight incubation at 4 °C with primary
antibodies (diluted in blocking buffer) with rotation. After three washing steps with TBST, the
membrane was incubated for 1 h at room temperature with HRP-conjugated secondary antibodies
(diluted in blocking buffer). Following another three washing steps with TBST and one final wash
with TBS, the membrane was dried and incubated with SuperSignal™ west pico plus
chemiluminescent substrate for 5 min. Chemiluminescent signals were visualized using an Intas ECL

chemostar imaging system.
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3.2.7 Flow Cytometry

In this project, flow cytometry was used to confirm the specific binding of Alexa Fluor® 647
conjugated Nbs anti-IgG-SNAP. To assess background fluorescence, cells incubated with Nbs anti-
IgG-SNAP-647 or Alexa Fluor 647-conjugated commercial secondary antibodies in the absence of a
primary antibody. These samples were served as negative controls to define non-specific binding of

the labeled secondary reagents. All data were analyzed in FlowJo (v10.7.1).

3.2.7.1 Surface Staining

To detect surface markers, cells were suspended in PBS at a concentration of 4 x 10° cells/ml and
blocked by surface blocking buffer (1% BSA in PBS). Subsequently, the diluted primary antibodies
were added to the cells in 200 pl PBS and incubated for 30 min on ice. After washing twice with PBS,
cells were incubated with commercial secondary antibodies or 1 pg Nbs anti-IgG-SNAP-647 for 30
min on ice in the dark. Cells were then washed twice with PBS, resuspended in 200 ul PBS, and

analyzed using CytoFLEX Flow Cytometers.

3.2.7.2 Intracellular staining

To detect intracellular antigens, cells were fixed in 4% formaldehyde in PBS for 10 min at room
temperature and permeabilized with 0.1% Triton X-100 in PBS for 5 min at room temperature. After
washing twice with PBS, cells were blocked in permeabilization blocking buffer containing 10% FBS
and 1% BSA. Primary antibodies, Nbs anti-IgG-SNAP-647 or commercial secondary antibodies were
diluted in permeabilization blocking buffer and added sequentially. For each step the cells were
incubated for 30 min on ice. The cells were washed twice with PBS, resuspended in 200 ul PBS and

analyzed using CytoFLEX Flow Cytometers.

3.2.8 Fluorescence microscopy

To observe the specific binding of Alexa Fluor® 647 conjugated Nbs anti-IgG-SNAP to primary

antibodies, fluorescence microscopy was used in this project.
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3.2.8.1 Surface Staining

Cells were collected and seeded in 96-well microplates (4 x 10* cells in 100 ul culture medium) and
incubated overnight at 37 °C in a 5% CO; incubator. The next day, cells were fixed with 4%
formaldehyde in PBS for 10 min at room temperature, washed twice with PBS, and neutralized with
50 mM NH4Cl in PBS for 5 min. After blocking with surface blocking buffer, cells were incubated
with primary antibodies (as used in flow cytometry Section 3.2.7.1) on ice for 30 min. Following two
PBS washes, commercial secondary antibodies or 1 pg Nbs anti-IgG-SNAP-647 were added, and the
cells were incubated on ice for another 30 min. After additional two PBS washes, nuclear staining was
performed with Hoechst 33342 (Thermo Fisher Scientific). Specific binding was visualized using a

DMi8 S Live-cell microscope with a 100 X oil objective.

3.2.8.2 Intracellular staining

For intracellular antigens, cells were fixed, neutralized, and permeabilized with 0.3 (v/v) Triton X-100
in PBS for 5 min. After two PBS washes, cells were blocked in permeabilization blocking buffer for
30 min on ice. Subsequent steps, including incubation with primary antibodies, commercial secondary
antibodies or Nbs anti-IgG-SNAP-647 were performed as described in the surface staining protocol

Section 3.2.8.1. Nuclear staining and imaging were carried out similarly.

3.2.9 Cell block

Approximately 1 x 107 of endometrial cells (49Z, 12Z, Ishikawa and T-HESC) were collected
separately and washed with PBS, then fixed in 1 ml of 4% formaldehyde overnight at room temperature.
After PBS washing, cells were resuspended in 200 ul of 30 mg/ml Agarose Low Melt (Roth) in PBS
at 42 °C. The cell-agarose mixture was kept until solidification at 4 °C. Following dehydration in a
graded series of ethanol (70%, 80%, 90%, 95%, 100%), the solidified cell-agarose was kept in xylene
overnight. The next day, xylene was removed by liquid paraffin at 60 °C, and the cell-agarose was

embedded in melted paraftin.

3.2.10 IHC

The slides were placed in a 60 °C oven for 30 min, then deparaffinization was performed using xylene

(two changes, 10 min each), and rehydrated through graded ethanol solutions (100%, 90%, 80% and
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70%). Following washing with distilled water, antigen retrieval was performed by heating the slides
in citrate buffer for 20 min in a microwave, followed by cooling to room temperature. The slides were
washed twice with PBS and incubated with 3 % hydrogen peroxide in PBS for 15 min to block
endogenous peroxidase activity. After washing with PBST, the slides were incubated with blocking
buffer (10% normal goat serum in PBS) for 1 h at room temperature. Primary antibodies were applied
and incubated for 1 h at room temperature or overnight at 4 °C. After three washes steps with PBST,
the slides were incubated with HRP-conjugated anti-mouse IgG (1:100) or HRP-conjugated anti-rabbit
IgG (1:500) for 1 h at room temperature, followed by two PBST washing steps then washed once with
PBS. For chromogen immunohistochemistry, slides were treated with Vector NovaRED Substrate Kit
(Vector Laboratories) for 5-15 min. The slides were washed twice with distilled water, counterstained
with hemoxylin, and mounted using VectaMount® Express Mounting Medium (H-5700). Images were
acquired by 40 x magnification using Axio Scan.Z1 Slide Scanner (Zeiss). Semi-quantitative analysis

was performed with ImageJ IHC profiler.

3.2.11 Multicolor staining on cell block

After de-waxing, rehydration, antigen retrieval, and blocking as described in Section 3.2.10, sections
were incubated with primary antibodies overnight at 4 °C or 1 h at room temperature. After three
washing steps with PBST, the sections were incubated with 2ug SNAP-Surface® Alexa Fluor® 488,
SNAP-Surface® Alexa Fluor® 546, SNAP-Surface® Alexa Fluor® 594 or SNAP-Surface® Alexa
Fluor® 647 (New Englands Biolabs) labeled Nb anti-IgG-SNAP for 1 h at room temperature, the
staining strategy is shown in Table 3.19. After three wash steps with PBST and additional washing
step with PBS, the sections were mounted with Vectashield antifade mounting medium (H-1200,
Vector Laboratories) with 4°,6-diamidino-2-phenylindole (DAPI). Finally, the sections were imaged
using a DMi8 S Live-cell microscope (Leica Microsystems) using a 100 x oil objective with Instant
Computational Clearing method.

Table 3. 19 The strategy of multicolor staining

A#
Anti- Nb anti- Nb anti- Anti- Nb anti - Nb anti - Anti-NG2 Nb anti - Nb anti -
EGFR mouse mouse FOLR1 mouse IgG1 mouse IgG1 mouse IgG1 mouse
IgG2a Fc-  IgG2a Fe- Fab-SNAP- Fab-SNAP- Fc-SNAP-594  IgGlFc-
(mouse)  gNAP-488 SNAP- 546 647 SNAP-
647 647
Al + + + + + + + + +
A2 - + + + + + + + +
A3 + + + - + + + + +
A4 + + + + + + - + +
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A

(control) * * * * * *
B#
Anti- Nb anti - Nb anti - Anti- Nb anti - Nb anti - Anti- Nb anti - Nb anti -
EGFR rabbit IgG  rabbit IgG HER2 mouse IgG1 mouse IgG1 EpCAM mouse kappa mouse
. Fc-SNAP-  Fc-SNAP- Fab-SNAP- Fab-SNAP- chain-SNAP- kappa
(rabbit) 488 647 546 647 594 chain-
SNAP-
647
Bl + + + + + + + + +
B2 + + + + + + + +
B3 + + + + + + + +
B4 + + + + + + + +
B
+ + - + + - + +
(control)
“+” presents positive staining; “-” presents negative staining.

3.2.12 TSA-based multiplex immunofluorescence staining

Single endometriosis FFPE and tissue microarray (TMA) were from patients in the department of
Gynecology and Obstetrics and prepared by the Pathology department (University Hospital Giessen
and Marburg). Slides were deparaffinized and rehydrated, and treated with antigen retrieval,
endogenous quenched, and blocked as described in the IHC protocol (Section 3.2.10). Each primary
antibody was paired with a tyramide-conjugated fluorophore (Table 3.20). Primary and secondary
antibodies were diluted in IHC blocking buffer. Slides were incubated with primary antibodies either
overnight at 4 °C or for 1 h at room temperature, followed by HRP-conjugated goat anti-mouse IgG
(H+L) (1:100, G21040), HRP-conjugated with goat anti-rabbit IgG 1:500, 7074S) or Nbs anti-IgG-
HRP (2 pg) secondary antibodies for 1 h at room temperature. After three washes with PBST, the slides
were incubated with tyramide-conjugated fluorophore for 10 min at room temperature in the dark.
Heat-induced epitope retrieval (HIER) with citrate buffer in a microwave for 15 min was performed
between staining rounds to remove antibody cross-activity. Following cooling down and washing,
slides were prepared for the next staining round. After finishing the last staining round, slides were
mounted with Vectashield antifade mounting medium containing DAPI (H-1200, Vector Laboratories).
Images were acquired using Axio Scan.Z1 Slide Scanner (Zeiss) at 20 x magnification, and
quantitative digital analysis was performed with Qupath-v0.5.1 software.

Table 3.20 Antibody-tyramide fluorophores pairing strategy

Staining Target Dilution Secondary Fluorophore Fluorophore
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round antibody (catalog #) dilution
1 ERa 1:300 Nb anti-mouse iFluor® 430 1:200
IgG1 Fab-HRP Styramide
(45096)
2 aSMA 1:500 Nb anti-mouse Alexa Fluor™ 1:100
IgG2a Fc-HRP 488
(B40952)
3 PR 1:800 Nb anti-rabbit Alexa Fluor™ 1:100
IgG Fc-HRP 546
(B40954)
4 CD20 1:500 Nb anti-mouse Alexa Fluor™ 1:100
kappa chain-HRP 647
(B40958)
5 CD31 1:400 Nb anti-mouse iFluor® 750 1:100
IgG1 Fc-HRP Styramide

(45065)
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4. Results

4.1 The application of Nb anti-IgG-SNAP in indirect immunofluorescence assays as secondary

antibodies

4.1.1 Design and construction of Nb anti-IgG-SNAP fusion proteins

To generate recombinant plasmids encoding Nbs anti-IgG-SNAP, the plasmid pMS-SNAP (a
derivative of the pSecTag2 vector) was prepared by removing scFv-425 from the previously
established pMS-scFv-425-SNAP construct using Sfil and Xbal-restriction enzymes [107]. This vector
contained an internal ribosome entry site (IRES) element [116] to enable bicistronic expression of
transfected cells to express enhanced green fluorescent protein (EGFP) independently of the
recombinant protein. The expression of the fusion proteins was driven by the cytomegalovirus (CMV)
enhancer and promoter, while an immunoglobulin x leader sequence facilitated secretion into the
culture medium. A C-terminal 6 x His-tag downstream of the SNAP-tag allowed for protein
enrichment. Five previously established Nbs anti-IgG plasmids [117] were amplified via PCR to
generate DNA fragments flanked by Sfil and Xbal-restriction sites. These fragments were inserted into
the prepared pMS-SNAP vector between the immunoglobulin k leader and the SNAP-tag using the
same enzymes. The constructions of Nb anti-mouse IgG1 Fab-SNAP, Nb anti-mouse IgG1 Fc-SNAP,
Nb anti-mouse IgG2a Fc-SNAP, Nb anti-mouse kappa chain-SNAP and Nb anti-rabbit IgG Fc-SNAP
fusion proteins were ultimately achieved (Figure 4.1). Successful insertion was confirmed by Sanger

Sequencing (Eurofins Genomics, Germany).
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Figure 4.1. Schematic of Nb anti-IgG-SNAP construct design. AmpR: ampicillin resistance; CMV:
cytomegalovirus; Igk leader: immunoglobulin k leader; His: histidine; EGFP: enhanced green fluorescent protein;
Stop: TGA stop codon. Created in https://BioRender.com.

4.1.2 Expression and enrichment of Nb anti-IgG-SNAP fusion proteins

The Nb anti-IgG-SNAP fusion proteins were produced in transfected HEK293T cells. Successful
transfection and expression were initially confirmed by monitoring EGFP signals (data not shown).
As the constructs were designed for secretion, cell culture supernatants were collected from a triple-
layer flask every 5-7 days. The recombinant proteins, which carry a C-terminal 6 x His-tag, were
enriched from the supernatant using an Ni-NTA superflow cartridge through IMAC. To evaluate the
enrichment efficiency, the SNAP-tag enzymatic activity was tested by conjugating the fusion proteins
to SNAP-Surface® Alexa Fluor® 488. After conjugation, samples were analyzed via SDS gel
electrophoresis, and the 488-fluorescence signal was detected using ChemiDoc XRS+ System,
confirming the presence of the fusion proteins and the activity of the SNAP-tag. Gels were
subsequently stained with Coomassie brilliant blue to visualize the proteins. As shown in Figure 4.2,
the purification of Nb anti-mouse IgG1 Fc-SNAP is provided as a representative example. During the
IMAC process, a stepwise imidazole elution was performed using 10 mM (E1), 40 mM (E2) and 250
mM (E3, E4) imidazole concentration. All fractions, including the filtered supernatant, flowthrough,
and elution fractions, were conjugated with SNAP-Surface® Alexa Fluor® 488 prior to SDS-PAGE
analysis. The filtered supernatant showed a weak fluorescence signal, whereas no signal was observed

in the flowthrough, indicating complete binding of the fusion proteins to the Ni-NTA column.

Elution fraction E1 resembled the flowthrough with negligible protein presence, while E2 showed
minimal fluorescence signal. In contrast, E3 fraction exhibited a strong fluorescence signal, despite

loading only 3 pl compared to 10 pl for other fractions. This indicates that the target protein was
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efficiently eluted in E3. Fraction E4, also eluted with 250 mM imidazole, showed no detectable signal,
confirming that the bulk of the proteins had been obtained in E3 (Figure 4.2a). Coomassie brilliant
blue staining (Figure 4.2b) corroborated the fluorescence results, showing the Nb anti-mouse IgG1
Fc-SNAP fusion protein was mostly in E3. The same purification and validation workflow was
successfully applied to other Nbs anti-IgG-SNAP fusion proteins, including Nb anti-mouse IgG1 Fab-
SNAP, Nb anti-mouse [gG2a Fc-SNAP, Nb anti-mouse kappa chain-SNAP and Nb anti-rabbit IgG
Fc-SNAP. These results are shown in Supplementary Figure 1.

Following the purification, the elution buffer was exchanged to PBS using Zeba™ Spin Desalting
columns. The HEK293T-based mammalian expression system enabled rapid protein production,

yielding up to 5 mg/L from the cell culture medium.

b
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Figure 4.2. Enrichment of Nb anti-IgG1 Fc-SNAP. All fractions were collected during enrichment, then conjugated
to SNAP-Surface® Alexa Fluor® 488 followed SDS-PAGE protein separation. (a) Fluorescence visualization of 488
labelled fusion protein. (b) Visualization of the corresponding SDS-PAGE in Coomassie brilliant blue staining. SDS
gel was imaged by ChemiDoc XRS+ System. M: Blue prestained protein standard broad range (11-250 kDa); S:
filtered supernatant; F: flowthrough; E1: protein eluted in 10 mM imidazole; E2: protein eluted in 40 mM imidazole;
E3 and E4: protein eluted in 250 mM imidazole.

4.1.3 Conjugation of Nbs anti-IgG-SNAP fusion proteins with BG-fluorescence substrates

After the successful enrichment and validation of SNAP-tag self-labeling, all five Nbs anti-IgG-SNAP
fusion proteins were conjugated with the fluorescence substrates SNAP-Surface® Alexa Fluor® 647
for use in IFA. The fusion proteins were incubated with the dye at 1:2 molar ratio at room temperature
for 2 h in the dark. To confirm labeling efficiency and saturation of the SNAP-tag, the Alexa
Fluor® 647-labeled nanobodies were subsequently incubated with SNAP-Surface® Alexa Fluor® 488.
As shown in Figure 4.3a, no 488-fluorescence signal was detected on the ChemiDoc XRS+, indicating
that SNAP-tags were fully occupied by Alexa Fluor® 647 and could no longer bind to Alexa
Fluor® 488. This result confirms complete and efficient conjugation of the SNAP-tag with the initial
fluorophore. Further validation was performed using the Odyssey DLx Imager, which revealed strong

red fluorescence signals corresponding to Alexa Fluor® 647-labeled fusion proteins on the SDS-PAGE
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gel (Figure 4.3b). To verify protein presence and integrity, the same gel was stained with Coomassie
brilliant blue, confirming the presence of all five Nbs anti-IgG-SNAP-647 fusion proteins (Figure
4.3c¢).
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Figure 4.3. Nbs anti-IgG-SNAP labeled with SNAP-Surface® Alexa Fluor® 647. (a) Nbs anti-IgG-SNAP-647
were post-incubated with SNAP-Surface® Alexa Fluor® 488 and imaged by ChemiDoc XRS+ System. (b) Nbs anti-
1gG-SNAP-647 were visualized by Odyssey DLx Imager. (¢) The corresponding bands of Nbs anti-IgG-SNAP-647
on SDS-PAGE in Coomassie brilliant blue staining. Lane 1: Nb anti-mouse 1gG1 Fab-SNAP-647; Lane 2: Nb anti-
mouse IgGl Fc-SNAP-647; Lane 3: Nb anti-mouse 1gG2a Fc-SNAP-647; Lane 4: Nb anti-mouse kappa chain-
SNAP-647; Lane 5: Nb anti-rabbit IgG Fc-SNAP-647.

4.1.4 The specific binding of Nb anti-IgG-SNAP fusion proteins in fluorescence Western blot

Once the Nbs anti-IgG-SNAP were conjugated to Surface® Alexa Fluor® 647, their subclass specificity
toward primary antibodies was evaluated using fluorescence Western blot (Figure 4.4). The isotypes
of primary antibodies used in this study is listed in Table 3.3. For comparison, commercial secondary
antibodies, anti-mouse IgG (H+L) conjugated Alexa Fluor 647 and anti-rabbit IgG(H+L) conjugated
Alexa Fluor 647 were included as controls. As shows in the Table 3.3, anti-EpCAM, anti-NG2, anti-
HER2 and anti-FOLRI1 antibodies belong to the mouse IgG1 subtype, while anti-EGFR is mouse
IgG2a. Figure 4.4 demonstrates that Nb anti-mouse IgG1 Fab-SNAP-647 and Nb anti-mouse 1gG1
Fc-SNAP-647 bind to anti-EpCAM (IgG1, kappa), anti-NG2 (IgG1, kappa), anti-HER2 (IgG1) and
anti-FOLR1 (IgGl), but do not bind to anti-EGFR (IgG2a). Conversely, Nb anti-mouse IgG2a Fc-
SNAP-647 specifically detects anti-EGFR (IgG2a), and not the IgG1 antibodies.

Nb anti-mouse kappa chain-SNAP-647 shows broader specificity, recognizing all mouse-derived
primary antibodies used in this study, including both IgG1 and IgG2a subclasses. This indicates that

the kappa-specific nanobody targets the light chain common to all mouse antibodies tested.
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Furthermore, Nb anti-rabbit IgG Fc-SNAP-647 selectively binds rabbit-derived primary antibodies,
anti-ANK3, anti-CTNNB1, and anti-EGFR, demonstrating its species specificity.

Overall, these results confirm that each Nb anti-mouse or anti-rabbit IgG-SNAP-647 conjugate
exhibits subclass or species-specific binding consistent with their design. Importantly, the specificity
profiles of these nanobody-based secondary reagents mirror those of commercial Alexa Fluor 647-

conjugated secondary antibodies, as illustrated in Figure 4.4.

Anti-mouse
lgG-Alexa Fluor 647

Anti-rabbit
IgG-Alexa Fluor 647

Nb anti-mouse
IgG1 Fab-SNAP-647

Nb anti-mouse
IgG1 Fc-SNAP-647

Nb anti-mouse
IgG2a Fc-SNAP-647

Nb anti-mouse
kappa chain-SNAP-647

Nb anti-rabbit
IgG Fc-SNAP-647

Figure 4.4. Fluorescence Western blot analysis of Nb anti-IgG-SNAP fusion proteins binding-specificity.
Different subtypes mouse- and rabbit-derived primary antibodies were loaded on SDS-PAGE gel then transferred
onto PVDF membranes, and probed by anti-mouse IgG-Alexa Fluor 647, anti-rabbit IgG-Alexa Fluor 647, Nb anti-
mouse IgG1 Fab-SNAP-647, Nb anti-mouse IgG1 Fc-SNAP-647, Nb anti-mouse IgG2a Fc-SNAP-647, Nb anti-
mouse kappa chain-SNAP-647 and Nb anti-rabbit [gG Fc-SNAP-647, separately. All membranes were imaged under
Odyssey DLx Imager. Subtypes of primary antibodies: anti-EpCAM (mouse/ IgG1, kappa); anti-NG2 (mouse/ IgG1,
kappa); anti-HER2 (mouse/ IgG1); anti-FOLR1 (mouse/ IgG1); anti-EGFR (mouse/ [gG2a); anti-ANK3 (rabbit /
IgQG); anti-CTNNBI (rabbit / IgG); anti-EGFR (rabbit / IgG).

4.1.5 The application of Nbs anti-IgG-SNAP nanobody fusion proteins for flow cytometry as

secondary antibodies.

After confirming the specific binding of Nbs anti-IgG-SNAP-647 in fluorescence Western blot analysis,
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the utility of these labeled fusion proteins as secondary antibodies was further assessed in flow
cytometry for IFA. Both commercial secondary antibodies and our Nbs anti-IgG-SNAP-647 were used
to detect the same panel of primary antibodies tested in fluorescence Western blot, across various cell
lines expressing different levels of the targeted antigens (Table 4.1 and 4.2). Initially, breast cancer
cell lines (MDA-MB-231, MDA-MB-468, Hs578T, MCF-7, MDA-MB-453) were stained with
primary antibodies targeting EpCAM, NG2, EGFR, ANK3 and CTNNBI. Figure 4.5 displays the
expression profiles of EpCAM (IgG1, kappa) and NG2 (IgGl1, kappa) detected using goat anti-mouse
IgG-Alexa Fluor 647, Nb anti-mouse IgG1 Fab-SNAP-647, Nb anti-mouse IgG1 Fc-SNAP-647, and
Nb anti-mouse kappa chain-SNAP-647. High EpCAM expression was observed in MDA-MB-468,
MDA-MB-453, and MCF-7, while MDA-MB-231 showed weak expression, and Hs578T showed
minimal signal (Figure 4.5a). Conversely, NG2 expression was prominent only in Hs578T, with
negligible staining in the remaining lines (Figure 4.5b).

EGFR expression (IgG2a) was analyzed using goat anti-mouse IgG-Alexa Fluor 647, Nb anti-mouse
IgG2a Fc-SNAP-647, and Nb anti-mouse kappa chain-SNAP-647 (Figure 4.6). EGFR was highly
expressed in MDA-MB-468 and MDA-MB-231, moderately expressed in Hs578T, minimally
expressed in MCF-7, and nearly absent in MDA-MB-453. In Figure 4.7, all five breast cell lines
stained positively for ANK3 and CTNNB1(rabbit-derived) using both goat anti-rabbit IgG-Alexa Fluor
647 and Nb anti-rabbit IgG Fc-SNAP-647, confirming effective detection of rabbit primary antibodies.
To further evaluate specificity, endometrial cell lines (49Z, 12Z, Ishikawa, T-HESC) were examined
(Figure 4.8). EGFR (mouse IgG2a or rabbit IgG) was detected in all endometrial cell lines using both
commercial and Nb-based secondary antibodies. Anti-FOLR1 (IgG1) and anti-EpCAM (IgG1, kappa)
showed strong staining exclusively in Ishikawa cells, when detected using goat anti-mouse 1gG-Alexa
Fluor 647, Nb anti-mouse IgGl Fab-SNAP-647, and Nb anti-mouse kappa chain-SNAP-647. In
contrast, anti-NG2 (IgG1, kappa) expression was observed in 49Z, 12Z and T-HESC, but not in
Ishikawa, when detected using goat anti-mouse IgG-Alexa Fluor 647 and Nb anti-mouse IgG1 Fc-
SNAP-647. HER2 (IgG1) was expressed by all endometrial cell lines and was successfully detected
using goat anti-mouse [gG-Alexa Fluor 647 and Nb anti-mouse IgG1 Fab-SNAP-647. These results

collectively demonstrate that Nbs anti-IgG-SNAP exhibited antigen detection in flow cytometry assays
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that is comparable to that of commercial secondary antibodies.
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Figure 4.5. Flow cytometry analysis with Nbs anti-IgG-SNAP in breast cancer cell lines. (a) Cells were incubated
with anti-EpCAM; (b) Cells were incubated with anti-NG2. Anti-EpCAM and anti-NG2 were detected with goat
anti-mouse IgG-Alexa Fluor 647, Nb anti-mouse IgG1 Fab-SNAP-647, Nb anti-mouse IgG1 Fc-SNAP-647 and Nb

anti-mouse kappa chain-SNAP-647.
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Figure 4.6. Flow cytometry analysis with Nbs anti-IgG-SNAP in breast cancer cell lines. Cells were incubated
with anti-EGFR (IgG2a), then detected with goat anti-mouse IgG-Alexa Fluor 647, Nb anti-mouse IgG2a Fc-SNAP-
647 and Nb anti-mouse kappa chain-SNAP-647.
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Figure 4.7. Flow cytometry analysis with Nbs anti-IgG-SNAP in breast cancer cell lines. (a) Cells were incubated

with anti-ANK3; (b) Cells were incubated with anti-CTNNB1. Anti-ANK3 and anti-CTNNB1 were detected with
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goat anti-mouse IgG-Alexa Fluor 647 and Nb anti-rabbit IgG Fc-SNAP-647.

Table 4.1 Different antigens expressed levels in breast cancer cell lines

MDA-MB-231 MDA-MB-468 Hs578T MCF-7 MDA-MB-453

EpCAM low medium low high high
NG2 medium low high low low
EGFR high high medium low low
ANK3 medium medium high medium high
CTNNBI1 medium medium high medium high
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Figure 4.8. Flow cytometry analysis with Nbs anti-IgG-SNAP in endometrial cell lines. Cells were incubated
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with anti-EGFR, anti-FOLRI1, anti-EpCAM, anti-NG2 and anti-HER2, then detected with Surface®Alexa
Fluor® 647-labeled Nbs anti-IgG-SNAP or corresponding commercial antibodies.

Table 4.2 Different antigens expressed levels in endometrial cell lines

497 127 Ishikawa T-HESC
EGFR high high high high
HER2 high high high high
NG2 medium medium low medium
EpCAM low low high low
FOLRI1 low low high low

4.1.6 The application of Nb anti-IgG-SNAP fusion proteins for fluorescence microscopy as

secondary antibodies.

Following their successful application in flow cytometry, the Nbs anti-IgG-SNAP-647 conjugates were
further evaluated for their utility in fluorescence microscopy. To validate their specific binding capacity
and explore their potential as secondary antibodies in imaging applications, the same experimental
conditions used in flow cytometry were applied. Here, breast cancer and endometriosis cell lines were
fixed, incubated with the same panel of primary antibodies, and subsequently stained using either
Alexa Fluor 647-labeled commercial secondary antibodies or the corresponding Nbs anti-IgG-SNAP,
as described in Section 4.1.5. The stained cells were visualized using fluorescence microscopy to
assess the localization and distribution of target proteins. Consistent with the flow cytometry results,
the Nb-based secondary antibodies produced strong fluorescence signals with high specificity, closely
matching the performance of their commercial counterparts (Figure 4.7-4.12). These results reinforce
the ability of Nbs anti-IgG-SNAP to selectively recognize mouse and rabbit primary antibodies, and
importantly, to distinguish between antibody subclasses within the same species, particularly among
mouse IgG subclasses. Overall, the combined results from flow cytometry and fluorescence
microscopy demonstrate the robustness and specificity of Nbs anti-IgG-SNAP-647 conjugates. These

findings underscore their potential for use in multi-color immunofluorescence staining and broader
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imaging applications in future research.

(a) Anti-EpCAM

MDA-MB-231 MDA-MB-468 Hs578T MCF7 MDA-MB-453

Anti-mouse
1gG-Alexa Fluor 647

Nb anti-mouse
19G1 Fab-SNAP-647

Nb anti-mouse
IgG1 Fc-SNAP-647

Nb anti-mouse
kappa chain-SNAP-647

(b) Anti-NG2

MDA-MB-231 MDA-MB-468 Hs578T MCF7 MDA-MB-453

Anti-mouse
IgG-Alexa Fluor 647

Nb anti-mouse
1gG1 Fab-SNAP-647

Nb anti-mouse
IgG1 Fc-SNAP-647

Nb anti-mouse
kappa chain-SNAP-647

Figure 4.9. The specific binding of Nbs anti-IgG-SNAP was visualized by fluorescence microscope on breast
cancer cells. (a) Cells were incubated with anti-EpCAM (IgG1, kappa); (b) Cells were incubated with anti-NG2

(IgG1, kappa). Then these primary antibodies were incubated with goat anti-mouse [gG-Alexa Fluor 647, Nb anti-
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mouse IgG1 Fab-SNAP-647, Nb anti-mouse IgG1 Fc-SNAP-647 or Nb anti-mouse kappa chain-SNAP-647. The red
signal represents 647 fluorescence signal; blue signal represents nuclear counterstain with Hoechst 33342. The scale

bar is 20 um.

Anti-EGFR (IgG2a)

MDA-MB-231 MDA-MB-468 Hs578T MCF7 MDA-MB-453

Anti-mouse
19G-Alexa Fluor 647

Nb anti-mouse
1gG2a Fc-SNAP-647

Nb anti-mouse
kappa chain-SNAP-647

Figure 4.10. The specific binding of Nbs anti-IgG-SNAP was visualized by fluorescence microscopy. Primary
antibodies targeting EGFR (IgG2a) were incubated with five different breast cancer cells followed by detecting with
goat anti-mouse IgG-Alexa Fluor 647, Nb anti-mouse [gG2a Fc-SNAP-647 or Nb anti-mouse kappa chain-SNAP-

647. The red signal represents 647 channel; blue signal was nuclear counterstain with Hochest 33342. The scale bar

is 20 um.



(a) Anti-ANK3

MDA-MB-231 MDA-MB-468 Hs578T MCF7 MDA-MB-453

Anti-rabbit
1gG-Alexa Fluor 647

Nb anti-rabbit
19G Fc-SNAP-647

(b) Anti-CTNNB1

MDA-MB-231 MDA-MB-468 Hs578T MCF7 MDA-MB-453

Anti-rabbit
19G-Alexa Fluor 647

Nb anti-rabbit
IgG Fc-SNAP-647

Figure 4.11. The specific binding of Nbs anti-IgG-SNAP was visualized by fluorescence microscope on breast
cancer cells. (a) Cells were incubated with anti-ANK3 (rabbit, IgG); (b) Cells were incubated with anti-CTNNB1
(rabbit, IgG). Then these primary antibodies were incubated with either goat anti-rabbit IgG-Alexa Fluor 647 or Nb
anti-rabbit IgG Fc-SNAP-647. The red signal represents 647 fluorescence signal; blue signal represents nuclear

counterstain with Hoechst 33342. The scale bar is 20 um.
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Figure 4.12. The specific binding of Nbs anti-IgG-SNAP visualized by fluorescence microscope on endometrial

cells. Primary antibodies targeting EGFR, FOLR1, EpCAM, NG2 and HER2 were incubated with four different

49Z

Nb-SNAP-647

sencondary antibody

endometrial cell lines followed by detecting with either commercial secondary antibodies conjugated with Alexa
Fluor 647 or Nbs anti-IgG-SNAP- Alexa Fluor® 647. The red signal represents 647 channel, blue signal is nuclear
counterstain with Hoechst 33342. Lanel: anti-EGFR (IgG2a) antibody; Lane 2: anti-FOLR1 (IgG1) antibody; Lane
3: anti-EpCAM (IgG1, kappa) antibody; Lane 4: anti-NG2 (IgG1, kappa) antibody; Lane 5: anti-HER2 (IgG1)
antibody; Lane 6: anti-EGFR (rabbit) antibody. The scale bar is 20 um.

4.1.7 Multicolor immunofluorescence in cell block

Before multi-color fluorescence staining of cell block section, the expression levels of EGFR, FOLRI,
EpCAM, NG2 and HER2 were evaluated using IHC and quantified semi-quantitatively via the IHC

profiler plug (ImageJ) [119]. As in shown Figure 4.13, all endometrial cells were identified as

EGFR-positive and HER2-positive. NG2 expression was detected in all three cell types except
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Ishikawa. In contrast, strong staining for EpCAM and FOLR1 was observed exclusively in Ishikawa

cells.

Control Anti-EGFR Anti-FOLR1 Anti-EpCAM Anti-NG2 Anti-HER2

4 )

z6v

zzL

emesys|

OS3H-L

Figure 4.13. [HC images of endometrial cell block (49Z, 12Z, Ishikawa and T-HESC) stained with anti-EGFR, anti-
FOLRI1, anti-EpCAM, anti-NG2, and anti-HER?2 separately. EGFR and HER2 were both positive (brown signal) in
all cells. EpCAM and FOLR1 were only positive in Ishikawa. NG2 was positive in 49Z, 12Z. The scale bar is 50 um.

For multi-color immunofluorescence staining, Nbs anti-IgG-SNAP were labeled with various SNAP-
Surface® Alexa Fluor® dyes to serve as secondary antibodies. It was previously confirmed that Nbs
anti-IgG-SNAP could be fully conjugated with Surface® Alexa Fluor® 647 at a 1:2 molar ratio. Using
this approach, Nbs anti-IgG-SNAP were successfully conjugated with SNAP-Surface® Alexa
Fluor® 488, SNAP-Surface® Alexa Fluor® 546, and SNAP-Surface® Alexa Fluor® 594, respectively.
A staining protocol was developed using panel A and panel B, targeting EGFR, FOLR1, EpCAM, NG2
and HER2 (Table 3.19). The binding activity of Alexa Fluor® 647-conjugated Nbs anti-IgG-SNAP and
potential cross-reactivity were evaluated using leave-one-out control stains. Panel A served as an
example for this analysis. In the first staining round, slide A1 was incubated with anti-EGFR (IgG2a)
and detected using Nb anti-mouse IgG2a Fc-SNAP-488. To assess remaining binding activity, the slide
was further stained with Nb anti-mouse IgG2a Fc-SNAP-647. In the second staining round, A1 was
incubated with anti-FOLR1 (IgGl), detected using Nb anti-mouse IgGl Fab-SNAP-546, and
subsequently stained with Nb anti-mouse IgG1 Fab-SNAP-647 to evaluate remaining binding activity.
In the third round, A1 was stained with anti-NG2 (IgG1, kappa) followed by sequential staining with
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Nb anti-mouse IgG1 Fc-SNAP-594 and Nb anti-mouse IgG1 Fc-SNAP-647. The fully stained slide
Al was imaged using the DMi8 S Live-cell microscope, as illustrated in Figure 4.14a. Leave-one-out
control staining was conducted on slides A2, A3, and A4 to assess cross-reactivity. Each slide was
incubated with all primary antibodies and Alexa Fluor® dye-labeled Nbs anti-IgG-SNAP from panel
A, except for one excluded primary antibody per slide. Specifically, slide A2 anti-EGFR (IgG2a) was
excluded (Figure 4.14b); slide A3 anti-FOLR1 was excluded (Figure 4.14¢); slide A4 anti-NG2 was
excluded (Figure 4.14d). Additionally, a control slide (A control, Figure 4.14e) was incubated with
Alexa Fluor dyes labeled Nbs anti-IgG-SNAP without any primary antibodies of panel A to measure
the background signal.

A similar protocol was applied for panel B, using anti-EGFR (rabbit), anti-HER2 (IgG1), and anti-
EpCAM (IgGl, kappa). These primary antibodies were detected using Nb anti-rabbit IgG Fc-SNAP-
488, Nb anti-mouse IgG1 Fab-SNAP-546 and Nb anti-mouse kappa chain-SNAP-594, respectively.
To confirm binding activity, final post-incubation with Nb anti-rabbit IgG Fc-SNAP-647, Nb anti-
mouse IgG1 Fab-SNAP-647, or Nb anti-mouse kappa chain-SNAP-647 was performed. For panel B,
all antibodies of panel B were used to stain slide B1; slides B2, B3 and B4 were subjected to leave-
one-out stains (Figure 4.15a-d). A control slide (slide B) was used to measure the background signals
(Figure 4.15e). The multi-color fluorescence staining results for both panel A and panel B were
summarized in Table 4.3.

The mean fluorescence intensity for each channel was analyzed using ImageJ software. In panel A,
Figure 4.14f-i illustrates the detection of anti-EGFR (IgG2a)-488 (red) and anti-NG2-594 (magenta)
signals, while no signal was observed for anti-FOLR1-546 (green) or Nbs anti-IgG-SNAP-647 (yellow)
in 497 of panel A. Similarly, in panel B (Figure 4.15f-i), anti-EGFR (rabbit)-488 (red) and anti-HER2-
546 (green) were detected, whereas anti-EpCAM-594 (magenta) and Nbs anti-IgG-SNAP-647 (yellow)
showed no signal in 49Z. The fluorescence intensity profiles of leave-one-out control stains and
background signals (slides A control and B control) are shown in Figures 4.14j and 4.15j. These
profiles confirm the absence of cross-reactivity among Alexa Fluor® dye-labeled Nbs anti-IgG-SNAP
in the multi-color immunofluorescence staining process.

As we confirmed that, there was no cross-reactivity in either the leave-one-out control stains or the
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Nbs anti-IgG-SNAP-647 post-incubation, fluorescence intensities of A (control), B (control), A1, and
B1 were analyzed using corrected total cell fluorescence (CTCF) by Imagel software. This analysis
allows statistical comparisons between A (control) and A1, as well as B (control) and B1 (Figure 4.16).
Specifically, in the Alexa Fluor 488 channel (red), significant differences in fluorescence intensities of
anti-EGFR (IgG2a) and anti-EGFR (rabbit) were observed compared to the control. For the Alexa
Fluor 546 channel (green), anti-FOLR1 from panel A exhibited a difference only in Ishikawa cells,
whereas all endometrial cells displayed high fluorescence intensities of anti-HER?2 in panel B. In the
Alexa Fluor 594 channel (magenta), 497, 127 and T-HESC exhibited a considerable difference with
anti-NG2 in panel A, whereas Ishikawa cells displayed a distinguishable difference with anti-EpCAM
in panel B. No obvious binding signals were observed in the Alexa Fluor 647 channel (yellow) for
either panel A or panel B. The CTCF analysis confirmed findings from flow cytometry, fluorescence
microscopy, and IHC, validating the specificity and reliability of the multi-color immunofluorescence

staining strategy.
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Figure 4.14. The panel A multi-color immunofluorescence staining of endometrial cell block (497, 127Z,
Ishikawa and T-HESC). (a) Nbs anti-IgG-SNAP-488 (red), Nbs anti-lgG-SNAP-546 (green), Nbs anti-IgG-SNAP-
594 (magenta) detected following primary antibodies; anti-EGFR (IgG2a), anti-FOLR1 (IgG1), and anti-NG2 (IgG1,
kappa). Nbs anti-IgG-SNAP-647 (yellow) were post-incubated to confirm binding activity. (b) No anti-EGFR
(IgG2a)-488 staining (red); (c¢) No anti-FOLR1 (IgG1)-546 staining (green); (d) No anti-NG2 (IgG1, kappa)-594
staining (magenta); (e) Slides were only stained with Nbs anti-IgG-SNAP-Alexa Fluor dyes; (f-j) Fluorescence
intensity profiles of Alexa Fluor® 488 (red curve), Alexa Fluor® 546 (green curve), Alexa Fluor® 594 (magenta curve)

and Alexa Fluor® 647 (yellow curve) for each slide. The scale bar is 20 pm.
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Figure 4.15. The panel B multi-color immunofluorescence staining of endometrial cell block (497, 127Z,
Ishikawa and T-HESC). (a) Nbs anti-IgG-SNAP-488 (red), Nbs anti-lgG-SNAP-546 (green), Nbs anti-IgG-SNAP-
594 (magenta) detected following primary antibodies, anti-EGFR (rabbit), anti-HER2 (IgG1) and anti-EpCAM (IgGl,
kappa). Nbs anti-IgG-SNAP-647 (yellow) were post-incubated to confirm binding activity. (b) No anti-EGFR
(rabbit)-488 staining (red); (¢) No anti-HER2 (IgG1)-546 staining (green); (d) No anti-EpCAM (IgG1, kappa)-594
staining (magenta); (e) Slides were only stained with Nbs anti-IgG-SNAP-Alexa Fluor dyes; (f-j) Fluorescence
intensity profiles of Alexa Fluor® 488 (red curve), Alexa Fluor® 546 (green curve), Alexa Fluor® 594 (magenta curve)

and Alexa Fluor® 647 (yellow curve) for each slide. The scale bar 20 um.
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Figure 4.16. CTCF analysis of the fluorescence intensity of multi-color immunofluorescence staining on cell
block (49Z, 12Z, Ishikawa and T-HESC). (a) Comparing A1 slide with the A control slide for anti-EGFR (IgG2a)-
488 (red), anti-FOLR1 (IgG1)-546 (green), anti-NG2 (IgG1, kappa)-594 and Nbs anti-IgG-SNAP-647 (yellow). (b)
Comparing B1 slide with the B control slide for anti-EGFR (rabbit)-488 (red), anti-HER2 (IgG1)-546 (green), anti-
EpCAM (IgG1, kappa)-594 and Nbs anti-IgG-SNAP-647 (yellow). Data were analyzed by one-way analysis of
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variance (ANOVA) with Dunnett's multiple comparisons test using GraphPad Prism 9.0.0 (**** p <(0.0001).

Table 4.3. The summary of multi-color fluorescence staining results. The (+) indicates the presence

and the detection of the target antigen, (-) indicates that the target antigen is absent or below detectable

levels in the stained sample.

Panel Panel
A B
Endometrial Slide 488 546 594 647 Slide 488 546 594 647

cells anti-EGFR  anti-FOLR1 anti-NG2 channel anti-EGFR  anti-HER2 anti-EpCAM channel

1 4 - 4 - 1 4 3 - -

2 - - 4 - 2 - + = =

497 3 3 - + = 3 + - - -

4 + = - - 4 + + - -

Control - - - - Control - - - -

127 1 + - + - 1 + + - -
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3 + - + - 3 + - - -
4 + - - - 4 + + - R
Control - - - - Control - - - -

2 - - + - 2 - + - -

T-HESC 3 + - + - 3 + - - -
4 + - - - 4 + + - -

Control - - - - Control - - - -
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4.2 The application of Nb anti-igG-HRP in Western blot and TSA-based multiplex

immunofluorescence as secondary antibodies

4.2.1 Design and construction of Nb anti-IgG-HRP fusion proteins

Using the previously developed pMS-Nb anti-IgG-SNAP constructs, the HRP fragment from pUC19-
HRP-C [120] was inserted instead of SNAP-tag, resulting in the generating of pMS-Nb anti-IgG-HRP
constructs. The DNA cloning was successfully performed using PCR and In-Fusion Snap Assembly
cloning reaction (Takara Bio). Subsequently, the Nb anti-IgG-HRP insets from the pMS vector were
subcloned into the lentiviral and mammalian expression vector backbone pHR [118] using Ndel and
Blpl-restriction sites (Figure 4.17). The pHR expression vector includes the minimum essential cis-
acting human immunodeficiency virus (HIV) elements, such the 3’ long terminal repeat (LTR) and 3'
LTR (AU3), which facilitate the stable integration of the target gene into the host genome as proviral
DNA. Other features include the central polypurine tract and central termination sequence (cPPT/CST),
the Rev response element (RRE), enabling Rev-dependent mRNA export from the nucleus to the
cytoplasm, and the ¥ packaging signal. Additionally, the construct retained the CMV ehancer, CMV
promoter and Igk leader, ensuring efficient expression and releasing of the recombinant proteins into
culture supernatant. Following this design, other constructs were generated, including pHR-Nb anti-
mouse [gG1 Fab-HRP, pHR-Nb anti-mouse IgG1 Fc-HRP, pHR-Nb anti-mouse IgG2a Fc-HRP, pHR-
Nb anti-mouse kappa chain-HRP and pHR-Nb anti-rabbit IlgG1 Fc-HRP constructs. The interted DNA
sequences of these new constructs were confirmed by DNA sequencing (Sanger Sequencing services,

Eurofins Genomics, Germany).
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Figure 4.17. Schematic of Nb anti-IgG-HRP construct design. AmpR: ampicillin resistance; CMV:
cytomegalovirus; Igk leader: immunoglobulin k leader; His: histidine; EmGFP: emerald green fluorescent protein;
LTR: long terminal repeat; RRE: Rev response element; cPPT/CST: central polypurine tract and central termination

sequence; Stop: TGA stop codon. Created in https://BioRender.com.

4.2.2 Expression and enrichment of Nb anti-IgG-HRP fusion proteins

Similar to the production of the Nb anti-IgG-SNAP fusion proteins, Nb anti-IgG-HRP fusion proteins
were also produced in transfected HEK293T cells, but without requiring zeocin selection. Compared
to cells transfected with the recombinant plasmids encoding Nbs anti-IgG-SNAP, those expressing
Nbs anti-IgG-HRP exhibited a stronger GFP signal when the proteins were expressed (data not shown).
Following GFP signal detection, culture supernatants were collected from the transfected HEK293T
cells. To confirm successful expression and secretion of the Nbs anti-IgG-HRP fusion proteins, two
complementary methods were used. The first method was direct ELISA, in which the supernatants
were used as coating antigens to directly assess HRP enzymatic activity using TMB substrate. The
presence of active Nbs anti-IgG-HRP fusion proteins in the cell culture medium was confirmed
(Figure 4.18a). The second method was the IFA. The fusion proteins, tagged with a His-tag, were
detected using Alexa Fluor 647 conjugated anti-penta-His antibody. Fluorescence microscopy was
then performed after staining with anti-EGFR antibodies on breast cancer cells (MDA-MB-468, MDA -
MB-453). As shown in Figure 4.18b Alexa Fluor 647 signal was observed in MDA-MB-468, but not
in MDA-MB-453 cells, indicating specific recognition and expression.

Once sufficient supernatant was collected, the fusion proteins were purified using IMAC with a Ni-
NTA superflow cartridge. Protein enrichment was confirmed by separating the collected proteins
fractions on SDS-PAGE followed by Coomassie brilliant blue. As an example, Nb anti-mouse IgG1
Fc-HRP was purified using 10 mM and 40 mM imidazole for washing, and 250 mM imidazole for
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elution (fractions E3 and E4). A distinct band at approximately 95 kDa was observed in fraction E3,
which contained the majority of the fusion protein (Figure 4.19a). Although E4 also showed the
protein band, it was less concentrated, as most protein had eluted in E3. Notably, the volume of E3
loaded was only one-third of that of other fractions.

Other fusion proteins, including Nb anti-mouse IgG1 Fab-HRP, Nb anti-mouse 1gG2a Fc-HRP, Nb
anti-mouse kappa chain-HRP and Nb anti-rabbit IgG Fc-HRP, were expressed and purified following
the same protocol (Supplementary Figure 2). This high-yielding expression system enabled the rapid
production of up to 3 mg/L of fusion protein in the culture medium.

To further validate Nbs anti-IgG-HRP fusion proteins, Western blot analysis was performed. Equal
amounts of each fusion protein were applied to SDS-PAGE, transferred to PVDF membrane. and
incubated with anti-Penta-His antibody as the primary antibody. Detection was carried out using HRP-
conjugated goat anti-mouse IgG as the secondary antibody and visualization was achieved with INTAS

ECL ChemoStar (Figure 4.19b).
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Figure 4.18. Expression of Nbs anti-IgG-HRP fusion proteins in HEK293T cells. (a) Nbs anti-IgG-HRP fusion
proteins in the supernatants from HEK293T cells showed HRP activity reacting with TMB substrate. (b) Detection
of Nbs anti-IgG-HRP fusion proteins expressed in HEK29T cells by IFA. Breast cancer cells MDA-MB-468 (EGFR
positive) and MDA-MB-453 (EGFR negative) were incubated with anti-EGFR antibodies, followed by secondary
antibodies Nbs anti-IgG-HRP fusion proteins. Alexa Fluor 647-conjugated anti-penta-His antibody was used as a
tertiary antibody with His tag of Nbs anti-IgG-HRP, the treated cells were imaged by fluorescence microscopy. Lanel:
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Nb anti-mouse IgG1 Fab-HRP. Lane 2: Nb anti-mouse IgG1 Fc-HRP. Lane 3: Nb anti-mouse IgG2a Fc-HRP. Lane
4: Nb anti-mouse kappa chain-HRP. Lane 5: Nb anti-rabbit IgG Fc-HRP. The scale bar is 20 pm.
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Figure 4.19. Enrichment of Nbs anti-IgG-HRP. (a) All fractions were collected during the enrichment of Nb anti-
mouse IgG1 Fc-HRP, after running SDS-PAGE, the gel was stained with Coomassie brilliant blue, then imaged by
ChemiDoc XRS+ System. M: Blue prestained protein standard broad range (17-250 kDa). S: filtered supernatant. F:
flowthrough. E1: protein eluted in 10 mM imidazole. E2: protein eluted in 40 mM imidazole. E3 and E4: protein
eluted in 250 mM imidazole. (b) Western blot showed the presence of Nb anti-mouse IgG1 Fab-HRP (lane 1), Nb
anti-mouse IgG1 Fc-HRP (lane 2), Nb anti-mouse IgG2a Fc-HRP (lane 3), Nb anti-mouse kappa chain-HRP (lane 4)
and NDb anti-rabbit IgG Fc-HRP (lane 5). The fusion proteins were subjected to SDS-PAGE followed by anti-Penta-
His antibody, then visualized by INTAS ECL ChemoStar. M: Blue prestained protein standard broad range (17-250
kDa).

4.2.3 The specific binding of Nb anti-IgG-HRP fusion proteins in Western blot

After the enrichment process, the five Nbs anti-IgG-HRP fusion proteins were characterized for their
subclass specificity and cross-reactivity with primary antibodies derived from two species (mouse and
rabbit) using Western blotting (Figure 4.20). For comparison, commercial HRP-conjugated goat anti-
mouse IgG and HRP-conjugated goat anti-rabbit IgG secondary antibodies were included as controls.
Notably, the Nbs anti-IgG-HRP exhibited high specificity and a strong ability to distinguish between
different antibody subclasses and species. Nb anti-mouse IgG1 Fab-HRP and Nb anti-mouse IgG1 Fc-
HRP specially react with the mouse anti-EGFR antibody (IgG1, kappa), while Nb anti-mouse [gG2a-

HRP detected only the mouse anti-EGFR antibody (IgG2a). Moreover, Nb anti-mouse kappa chain-
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HRP was reactive with both mouse anti-EGFR antibodies, whereas the four Nbs anti-mouse IgG-HRP
did not react with the rabbit anti-EGFR antibody. Conversely, Nb anti-rabbit IgG Fc-HRP specifically
recognized the rabbit anti-EGFR antibody (IgG) and showed no cross-reactivity with mouse-produced

antibodies.
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Figure 4.20. Western blot analysis of specific reactivity of Nbs anti-IgG-HRP. Anti-EGFR antibody (mouse/
IgGl, kappa), anti-EGFR (mouse/ IgG2a) and anti-EGFR (rabbit/ IgG Fc) were subjected to SDS-PAGE followed
by Western blot with Nbs anti-IgG-HRP or corresponding commercial HRP-conjugated secondary antibodies
incubated. The PVDF membranes were developed with ECL reagent and visualized by INTAS ECL ChemoStar.

4.2.4 The application of Nb anti-IgG-HRP fusion proteins for Western blot as secondary

antibodies.

Having confirmed their specific binding to primary antibodies, the Nb anti-IgG-HRP fusion proteins
were next evaluated for their performance as secondary antibodies in Western blotting, a standard
application of HRP-conjugated reagents. In this study, three different anti-EGFR antibodies (described
in Section 4.2.3) were used to assess EGFR expression levels in two breast cancer cells (MDA-MB-

468, MDA-MB-453) and two endometrial cells (Ishikawa, T-HESC).
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When Nb anti-mouse IgG1 Fab-HRP, Nb anti-mouse IgG1 Fc-HRP, and Nb anti-mouse kappa chain-
HRP were used to detect the anti-EGFR antibody (mouse/ IgG1, kappa), the results (Figure 4.21a)
indicate significantly higher EGFR expression in MDA-MB-468, Ishikawa, and T-HESC, with no
detectable expression in MDA-MB-453. Consistent findings were observed in Figure 4.21b and c,
where Nb anti-mouse 1gG2a Fc-HRP, Nb anti-mouse kappa chain-HRP, and Nb anti-rabbit IgG Fc-
HRP were used in conjunction with their respective primary antibodies (mouse/ [gG2a, rabbit/ IgG Fc).
In each case, the Nbs anti-IgG-HRP reagents produced comparable signal intensities and specificity of

those obtained with commercial HRP-conjugated secondary antibodies.
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Figure 4.21. Western blot analysis of Nbs anti-IgG-HRP for EGFR expression in breast cancer cell lines and
endometrial cells. Cell extracts were blotted and incubated with (a) anti-EGFR antibody (mouse/ IgG1, kappa), (b)
anti-EGFR antibody (mouse/ IgG2a), (c) anti-EGFR antibody (rabbit/ IgG). All anti-EGFR antibodies were then
probed with Nbs anti-IgG-HRP or corresponding commercial HRP-conjugated secondary antibodies. The
housekeeping protein GAPDH was used as a control. Lane 1: MDA-MB-468. Lane 2: MDA-MB-453. Lane 3:
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Ishikawa. Lane 3: T-HESC.

4.2.5 Multiplex immunofluorescence TSA of paraffin-embedded endometriosis tissues

4.2.5.1 The specific binding of Nbs anti-IgG-HRP for primary antibodies

Before applying Nbs anti-IgG-HRP fusion proteins in TSA-based mIF experiments, their specific-
binding capabilities were validated via Western blot. The primary antibodies used for this validation
included: anti-ERa antibody (mouse/IgG1, kappa) , anti-CD31 antibody (mouse/IgG1), anti-aSMA
antibody (mouse/IgG2a), anti-CD20 antibody (mouse/IgG2a, kappa) and anti-PR antibody (rabbit/IgG)
all of which are planned for subsequent mIF applications. These primary antibodies were first
separated by SDS-PAGE and transferred onto PVDF membranes. The membranes were then probed
using either Nbs anti-IgG-HRP fusion proteins or corresponding commercial HRP-conjugated
secondary antibodies. As shown in Figure 4.22, Nb anti-mouse IgG1 Fab-HRP and Nb anti-mouse
IgG1 Fc-HRP specifically recognized anti-ERa and anti-CD31, while Nb anti-mouse IgG2a Fc-HRP
reacted exclusively with anti-aSMA and anti-CD20. Additionally, Nb anti-mouse kappa chain-HRP
bound to all tested mouse-derived antibodies, demonstrating broad kappa chain specificity. Conversely,
Nb anti-rabbit IgG-HRP selectively detect anti-PR, confirming species specificity. These findings
underscore the precise subclass- and species-specific binding characteristics of the Nb anti-IgG-HRP
fusion proteins, distinguishing them from commercial polyclonal secondary antibodies, which often
lack this level of discrimination. This subclass specificity makes Nbs anti-IgG-HRP highly suitable for

mlF applications requiring minimal cross-reactivity.
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Figure 4.22. Western blot analysis of specific binding of Nbs anti-IgG-HRP for primary antibodies using in
TSA-based mIF. Anti-ERa antibody (mouse/IgG1, kappa), anti-CD31 antibody (mouse/IgG1), anti-aSMA antibody
(mouse/IgG2a), anti-CD20 antibody (mouse/IgG2a, kappa) and anti-PR (rabbit/IgG) were transferred to PVDF
membranes, then detected by Nbs anti-IgG-HRP or corresponding commercial HRP-conjugated secondary antibodies.

All membranes were visualized by INTAS ECL ChemoStar.

4.2.5.2 TSA-based multiplex immunofluorescence of Nb anti-IgG-HRP in single paraffin-

embedded endometriosis tissues as secondary antibodies

To initiate staining using TSA-based mlF, the expressions of ERa, aSMA, PR, CD20 and CD31 in an
endometriosis tissue sample was first confirmed using IHC (Figure 4.23), followed by semi-
quantification analysis using Imagel. As reported in previous study [121, 122], ERa and PR are
typically expressed in the nuclei of glandular and stromal cells in endometriosis tissues. CD20 serves
as a marker for B lymphocytes, CD31 marks vascular and intercellular junctions, and aSMA identifies
vascular and visceral smooth muscle cells [123]. [HC analysis confirm the positive expression of
aSMA, PR, CD20 and CD31 in endometriosis sections, while ERa expression was not detected. Given

the potential for overlapping signals between ERa and PR, and the fact that aSMA and CD31 are both
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vascular markers, a 5-color mIF staining panel plus DAPI was performed as described in the Table
4.4. To minimize spectral overlap in regions of co-expression, ERa and PR were labeled with iFluor®
430 and Alexa Fluor™ 546, respectively, while aSMA and CD31 were labeled with Alexa Fluor™

546 and iFluor® 750, respectively.

Antibody dilutions were consistent with those used for IHC, and the tyramide-fluorophore dilutions
are detailed in Table 3.20. Tissue sections from the same tissue blocks used for IHC were stained using
either the Nbs anti-IgG-HRP fusion proteins or the corresponding commercial HRP-conjugated
secondary antibodies. Imaging parameters, including excitation channels and exposure time were
defined using the on Axio Scan.Z1 slide scanner and provided on Supplementary Figure 3. As shown
in Figure 4.23, stanning patterns obtained with the Nbs anti-IgG-HRP closely matched those produced
by commercial secondary antibody and were consistent with the IHC results in the bright field.

To assess cross-reactivity of the TSA-based mIF panel, leave-one-out control stains were performed
(Figure 4.24). In this experiment, five slides from the same endometriosis tissue blocks were stained
using a previously designed panel (Table 4.4), with each slide omitting one primary antibody. Each
row in Figure 4.24 shows the signal corresponding to a specific primary antibody paired with a
tyramide-fluorophore. For instance, when anti-ERa was excluded from Slide 1, the yellow signal in
the ERa-430 channel was absent, while all other four fluorophore signals channels remained detectable.
Similarly, omission of anti-aSMA from Slide 2, resulted in the absence of green-aSMA-488, with
retention of the remaining of the signals. Slide 3, 4, and 5, showed the absence of each target signal
along with diagonal of the imaging panel confirms the lack of cross-reactivity among different Nb anti-
IgG-HRP fusion proteins (from top left to bottom right). Furthermore, the consistent absence of a
yellow signal in the ERa-430 channel across all mIF images was aligned with the IHC data Figure

4.23) showing negative ERa expression in this section, further validating the specificity of the assay.

Table 4.4. The list of primary antibodies, Nbs anti-IgG-HRP and fluorophores used for mIF

Primary Nbs anti-IgG-HRP Position in Tyramide- Excitation Emission

antibody mlIF fluorophore
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secondary antibody

iFluor® 430

Anti-ERa Nb anti-mouse IgG1 Fab-HRP 1 433 nm 498 nm
Styramide
Anti-aSMA Nb anti-mouse IgG2a Fc-HRP 2 Alexa Flyortt 495 nm 519 nm
488
Anti-PR Nb anti-rabbit IgG Fc-HRP 3 Alexa Flyortt 556 nm 573 nm
546

ERa aSMA PR CD20 CD31

IHC

HRP-commercial
secondary antibody
TSA

Nb anti-lgG-HRP
TSA

Figure 4.23. Validation of TSA-based mIF of Nb anti-IgG-HRP in single FFPE endometriosis tissues as

secondary antibodies using the S-marker plus DAPI panel. Single staining against selected marker using IHC
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(top), except ERa was negative, other 4 markers were expressed on endometriosis tissues (brown signal). Staining
with mIF for all 5 markers, ERo.  (yellow, 430 channel) ,aSMA (green, 488 channel) , PR (orange, 546 channel),
CD20 (red, 647 channel) and CD31 (magenta, 750 channel) were detected by corresponding commercial HRP-
conjugated secondary antibodies (middle), or Nbs anti-IgG-HRP (bottom), blue signal was DAPI staining. Image

inset shows only stained with secondary antibody. The scale bar is 20 pum.

CD20-647 CD31-750

Slide 1
No ERa
Slide 2
No aSMA
Slide 3
No PR
Slide 4
No CD20
Slide 5
No CD31

Figure 4.24. Leave-one-out control stains for confirming the cross-reactivity among Nbs anti-IgG-HRP. Five

serial slides were stained following the multiplex IF panel with Nbs anti-IgG-HRP. Each row of images shows one
slide in which one primary antibody was left out of the staining protocol. For example, row 1 of side 1, no ERa had
anti-ERa left out. ERa (yellow, 430 channel) , aSMA (green, 488 channel, PR (orange, 546 channel), CD20 (red,
647 channel) and CD31 (magenta, 750 channel). The lack of signal along the diagonal in the images indicates there

was no cross-reactivity among Nbs anti-IgG-HRP (from top left to bottom right). The scale bar 20 pm.
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4.2.5.3 TSA-based mIF of Nb anti-IgG-HRP in human endometriosis tissue microarray as

secondary antibodies

After antibodies were validated through chromogenic IHC, and the mIF panel was optimized using a
single endometriosis section, the endometriosis tissue microarray (TMA) containing 50 cores was
stained using the same mIF panel. The expressions of ERa, aSMA, PR, CD20 and CD31 was first
validated using IHC. These five primary antibodies were then employed in TSA-based mIF using
either Nbs anti-IgG-HRP or the corresponding HRP-conjugated commercial secondary antibodies.
Each tissue core was designated as a region of interest (ROI) and imaged using whole-slide scanning
with the Axio Scan.Z1 slide scanner. As illustrated in Figure 4.25, the first lane shows representative
chromogenic IHC staining of a TMA core with individual primary antibodies. Positive cells (brown
signals) are marked with black arrows. The full TSA-based mIF panel staining was applied to the TMA
using both secondary detection approaches, commercial secondary antibodies or Nbs anti-IgG-HRP,
following the same protocol used for the single endometriosis section. Corresponding fluorescent
images are displayed in the second and third lanes of Figure 4.25, respectively. Each row in these lanes
corresponds to one primary antibody labeled with a specific tyramide-fluorophore, matching the
chromogenic IHC shown in the first lane. Comparison of bright-field and fluorescent-field images
revealed consistent positive signals for ERa, aSMA, CD20, and CD31 across both methods. However,
no detectable signal (brown or fluorescent) was observed for PR. Importantly, the staining patterns
obtained with Nbs anti-IgG-HRP closely mirrored those achieved with commercial secondary
antibodies.

The potential of Nb anti-IgG-HRP as an alternative to conventional secondary antibodies in the TSA-
based mIF method was further assessed. Figure 4.26 provides an example from the endometriosis
TMA, with six-color composite images showed on the left, and individual channels for DAPI, iFluor®
430, Alexa Fluor™ 488, Alexa Fluor™ 546, Alexa Fluor™ 647 and iFluor® 750 displayed on the right.
High-magnification images confirmed that both detection strategies, Nbs anti-IgG-HRP and

commercial secondary antibodies, produced specific and comparable staining.
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ERa

aSMA

PR

CD20

CD31

Figure 4.25. Representative validation examples from IHC, TSA-based mIF panel using Nbs anti-IgG-HRP as
secondary antibodies on endometriosis TMA. All samples were incubated with primary antibodies, anti-ERa,
anti-aSMA, anti-PR, anti-CD20 and anti-CD31. Lane 1: IHC staining, with black arrows indicated positive cell
exhibiting brown signals. Lane 2: mIF panel with HRP-conjugated with commercial secondary antibodies. Lane 3:
mlIF panel with Nbs anti-IgG-HRP. The fluorescent signals correspond to ERa (yellow, 430 channel) , aSMA (green,
488 channel) , PR (orange, 546 channel), CD20 (red, 647 channel), and CD31 (magenta, 750 channel). The blue
signal is DAPI. Scale bar: 250 um.
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HRP conjugated commercial f

secondaty antibody

Nbs anti-lgG-HRP

ERa aSMA PR

Figure 4.26. TSA-based mlF six-color detection method and multispectral images. Representative examples of
endometriosis TMA were stained with five markers: ERo.  (yellow, 430 channel) ,aSMA  (green, 488 channel) ,
PR (orange, 546 channel), CD20 (red, 647 channel), and CD31 (magenta, 750 channel). Signals were developed
using either HRP-conjugated commercial secondary antibody or Nbs anti-IgG-HRP. Nuclei were counterstained with

DAPI (blue). Scale bar: 250 um.

4.2.5.4 Image analysis of endometriosis TMA using Qupath

Following whole-slide scanning of the endometriosis TMA and generation of multispectral images
using the Axio Scan.Zl slide scanner, several imaging software platforms were considered for
analyzing the multiplexed data. In this study, an open-source digital pathology image analysis (QuPath)
[124], was employed to analyze the endometriosis TMA and compare the performance of Nbs anti-
IgG-HRP with that of commercially available HRP-conjugated secondary antibodies.

Using Qupath, each of the 50 cores within the TMA was individually annotated. Total cell counts
within each region were determined using the Cell Detection algorithm based on the DAPI nuclear
channel. For the five marker-specific channels—ERa-430 channel, aSMA-488 channel, PR-546
channel, CD20-647 channel, and CD31-750 channel-positive cells were quantified using the Create
single measurement classifier tool. Statistical analysis of cell counts across all five markers revealed

no significant differences in detection between commercial HRP-conjugated secondary antibodies and
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Nb anti-IgG-HRP, as shown in Figure 4.27a (p < 0.001).

To assess marker detection efficiency, the percentage of positive cells per core was calculated for each
marker channel using the total DAPI-positive cell count as the denominator. As illustrated in Figure
4.27b, the percentages of positive cells for ERa, aSMA, PR, CD20, and CD31 showed no significant
difference between the two secondary-antibody detection methods (p < 0.0001) for all comparisons.
Additionally, a heatmap (Figure 4.27¢) visualizes the expression levels of each marker across the TMA.
In this heatmap, rows represent individual tissue cores (n = 50), columns to the five markers, and the
color intensity within each cell reflects the percentage of marker-positive cells. The heatmap further
supports the consistency in staining patterns and quantification between the two secondary-antibody

approaches.
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Figure 4.27. Statistical analysis of TSA-based mIF comparing HRP-conjugated commercial secondary
antibodies and Nbs anti-IgG-HRP. (a) Cell counts of DAPI channel, 430 channel, 488 channel, 546 channel, 647
channel and 750 channel were analyzed using a t-test (p < 0.001). (b) Positive cell percentages for ERo. (430 channel) ,
aSMA (488 channel), PR (546 channel), CD20 (647 channel), and CD31 (magenta, 750 channel) were analyzed using
one-way ANOVA and corrected by Sidak's multiple comparisons test (p < 0.0001). Data are presented as mean =+
SEM. (c) Heatmap depicting the positive cell percentages for each marker across the TMA cores (n = 50). Rows
represent individual cores, and columns correspond to the five markers. Each cell shows the positive cell percentage

for a given marker. Dots or triangles indicate individual cores.
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5. Discussion

Secondary antibodies are fundamental components in immunological research and diagnostics,
playing a critical role in indirect immunoassays. By amplifying the signal from primary antibodies,
they significantly enhance assay sensitivity and offer versatility across a wide range of techniques.
This amplification capability renders secondary antibodies indispensable for disease diagnosis,
therapeutic development, and clinical research applications [125]. Recent advancements in secondary
antibody technology have emerged in response to evolving research demands. These innovations
include animal-free production methods and the engineering of antibody structures to improve
specificity and minimize background noise. Moreover, newly developed secondary antibodies are
increasingly tailored for specialized applications, thereby expanding their utility in both basic and
translational research [117, 126, 127].

This study contributes to the innovation of secondary antibody alternatives by harnessing SNAP-tag
technology in conjugation with anti-mouse and anti-rabbit IgG secondary nanobodies. The goal is to
develop next-generation substitutes for conventional secondary antibodies used in indirect
immunofluorescence assays. Additionally, the research investigates the potential of nanobody-HRP
fusion proteins as replacements for traditional HRP-conjugated secondary antibodies. These fusion
proteins are evaluated for their performance in Western blotting and TSA-based mIF, demonstrating
enhanced sensitivity and greater adaptability for these applications. Through these advancements, this
work aims to provide more efficient, scalable and innovative tools for immunoassays, thereby

broadening their impact in molecular and cellular biology research.

5.1 Issues of secondary antibody production

Traditional secondary antibodies, like their primary counterparts, can be either monoclonal or
polyclonal in nature. Polyclonal antibodies are often preferred due to their stronger signals and cost-
effective production, making them more commonly used. These antibodies are typically generated in
animals through immunization, which stimulates an immune response to produce the desired

antibodies. However, this process raises ethical concerns regarding animal welfare and the use of
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animals in scientific research. These issues are addressed by the European Union's Directive
2010/63/EU, which emphasizes the 3Rs principles—Replacement, Reduction, and Refinement—to
minimize the use of animals in scientific studies [128].

Another critical challenge associated with secondary antibodies is the reproducibility and consistency
of their production. Immune responses can vary significantly among individual animals, leading to
batch-to-batch variability and potentially unreliable research outcomes [126]. To overcome these
limitations, technological advancements have led to recombinant antibody production through in vitro
methods. These approaches offer a more consistent and reliable alternative to traditional animal-
derived antibody production, ensuring greater standardization and reproducibility in research

applications [129].

5.2 Mammalian cell expression in recombinant antibody production

Recombinant antibodies are monoclonal antibodies produced using recombinant DNA technology. In
this method, antibody genes are inserted into an expression vector, which is then transfected into host
cells for antibody expression. Both bacterial and mammalian systems can be used for this purpose. For
example, E. coli can express antibody fragments in the periplasm [130]. Mammalian cell lines are
often preferred when proper protein folding, secretion or solubility is essential, particularly for
complex fusion constructs [ 131]. Mammalian cell expression also offers greater consistency due to the
highly controlled conditions of cell culture, which help minimize variability. Moreover, genetic
engineering enables the production of antibodies with precise, defined features, further enhancing
reproducibility [132]. In this study, HEK293T cells were selected as the expression system to produce
Nbs-based fusion proteins used in IFA. This choice was driven by the cell line’s compatibility with
transient transfection, rapid growth, adaptability to various culture conditions, and ability to efficiently
secrete recombinant proteins into the culture supernatant [133]. Importantly, which are derived from
human embryonic kidney cells, provide an expression system that preserves human-like PTMs,
eliminating the risk of introducing non-human immunogenic PTMs. This feature enhances the
suitability of recombinant proteins for diagnostic applications involving human samples by reducing
potential cross-reactivity or background signals [134].
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FBS-supplemented media were used in this study due to their robust support for HEK293T cell growth,
transfection efficiency and recombinant protein secretion. HEK293T cultures with 10% FBS are
widely adopted for transient expression, and studies using HEK293 cells have shown that they
maintain high viability and expression yields without requiring adaption, which make them ideal for
laboratory-scale production of secreted Nbs-based recombinant proteins [135]. Although serum-free,
chemically defined media are increasingly favored for large-scale recombinant protein production,
they have notable drawbacks in research settings. A recent study demonstrated that adapting HEK293
cells to serum-free conditions required approximately one month before achieving stable growth [136].
Moreover, the high cost of serum-free media can be a significant barrier for normal laboratory-scale
research. Given the aim of producing Nbs-based fusion proteins for diagnostic applications, FBS-
supplemented adherent culture systems provided a practical, reproducible and cost-effective method.
While suspension HEK293 cells can achieve higher yield [136, 137], our lab’s established adherent
protocols offered consistent performance well-suited to the demands of research-scale protein

production [107, 138].

5.3 Mammalian cell expression vectors

Mammalian cell expression vectors are essential tools for producing recombinant proteins in
mammalian systems. These vectors are carefully designed to ensure efficient target gene expression,
facilitate proper protein folding, and support PTMs, which are critical for the full biological function
of recombinant proteins [139]. In this study, the pMS vector [116] was used to express Nbs anti-IgG
SNAP, that our lab has used this vector to generate pMS-scFv-EpCAM-SNAP and expressed fusion
proteins in HEK293T cells successfully [138]. The pMS vector utilizes the CMV immediate-early
enhancer and promoter, widely used for transgene expression in mammalian cell culture. It also
contains the AmpR to facilitate the selection of correct recombinant plasmid in E. coli. For selecting
the transfected mammalian cells, the zeocin resistance gene (ZeoR) enables the selection of
successfully transfected HEK293T cells. A critical feature of this vector is the Igk leader sequence,
which directs the secretion of fusion proteins into cell culture medium, allowing protein collection
from the supernatant. Additionally, the His-Tag epitope located at 3’ end enables efficient protein

88



purification using IMAC (Figure 4.1).

However, when the pMS vector was used to express Nbs anti-IgG-HRP fusion proteins, the
transfection efficiency was insufficient to produce adequate amounts of fusion proteins. To overcome
this limitation, pHR vector was considered as another mammalian cell expression vector here [118]
(Figure 4.17), a lentiviral-based expression system suitable for large-scale recombinant protein
production in HEK293 cell lines. This approach resulted in a 3-to 10-fold increase in protein
production compared to conventional transfection methods. The pHR vector offers several advantages
over traditional vectors such like pMS. Notably, it enables long-term and stable expression by
integrating the target genes into the host cell genome. This eliminates the need for a Zeocin selection
process, which is required for pMS, and addresses the transient nature of expression observed with
pMS, where protein production diminishes over time. Moreover, pHR exhibits high transduction
efficiency across a wide range of mammalian cell types, effectively delivering target genes into host
cells. In contrast, pMS vector relies on transfection methods, which can be less efficient and show
variability depending on the cell types. Additional advantages of the pHR vector include its ability to
transduce non-dividing cells, enhanced safety features, and versatility to design, making it a superior

choice for application requiring sustained and efficient expression across diverse cell types [140].

5.4 Nanobodies in recombinant antibody production

Nanobodies possess unique properties, such as small size, high stability, and strong antigen-binding
capacity, which make them ideal candidates for various applications in recombinant antibody research.
Numerous studies have demonstrated the effectiveness of nanobodies in generating recombinant
antibodies for imaging, therapy and biosensing. Their small size (~15 kDa) facilitates ease of genetic
engineering, enhances tissue penetration, and rapid clearance from non-target sites, further
underscoring their versatility and potential in these fields [141, 142]. The sizes of Nb anti-mouse IgG1
Fab, Nb anti-mouse IgG1 Fc, Nb anti-mouse IgG2a Fc, Nb anti-mouse kappa chain, and Nb anti-rabbit
IgG Fc ranged from 12.8 kDa to 13.7 kDa, which are significantly smaller than traditional antibodies
(~150 kDa). This smaller size enables deeper and more uniform tissue penetration, enhancing the

detection of target antigens in complex tissue environments. Additionally, nanobodies consist of a
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single antigen-binding domain (Figure 1.2), allowing for precise targeting of epitopes targeting while
minimizing non-specific binding and background signals [143].

In this study, nanobodies were engineered specific to various IgG domains by fusing them with the
SNAP-tag and the reporter enzyme HRP. This recombinant strategy allowed to generate versatile
secondary antibody constructs capable of direct, one-step detection of primary antibodies. Compared
to other immunoassay designs that required multiple detection steps, including nanobodies as primary
detection reagents, followed by secondary anti-nanobody antibodies and additional fluorophore-
conjugated tertiary antibodies [144, 145], our design simplified assay workflows and minimized
background noise. Additionally, recombinant production of nanobody-based antibodies ensures high

purity and batch-to-batch consistency, thereby improving the reliability of diagnostic assays [143].

5.5 SNAP-tag for fluorescence labeling

When selecting a fluorescence labeling strategy, it is important to balance specificity, efficiency and
experiment flexibility. The SNAP-tag system offers a combination of these properties. As previously
described, SNAP-tag reacts specially and rapidly with BG derivatives, enabling irreversible covalent
labeling of the SNAP-tag with a synthetic probe under physiological conditions. This approach allows
BG-modified fluorophores to covalently conjugate with the protein of interest. The reaction accepts
standard aqueous buffers and does not need catalysts, and can be applied to both purified proteins and
live cells. In comparison, NHS-ester chemistry, as one of the most widely used labeling methods [89,
90, 146], it target primary amines, including e-amino group of lysine residue and a-amino group at N-
terminus. While the reaction is straightforward and benefits from the abundance of target sites, it
cannot distinguish between individual lysine or protein often resulting in heterogeneous labeling. By
exploiting the pKa difference between the N-terminal a-amino group and lysine e-amino group, the
reaction can be driven toward the N-terminus at neutral/low-neutral pH where lysines are few reactive
[147]. However, this efficient approach is heavily dependent on pH environment. In addition, standard
NHS-ester labeling is typically performed at high-pH conditions and is not bioorthogonal, making it
unsuitable for live-cell research [89]. The second labeling strategy, cysteine-specific labeling method
utilizes the thiol group, the second most common functional group in chemical cross-linking reactions
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[90]. This method often employs the maleimide-modified fluorophores for site-specific labeling under
mildly acidic conditions [91], thus minimizing non-specific reactions with amine groups at higher pH.
However, many proteins contain few or no surface-exposed cysteines, and disrupting disulfide bridges
or introducing additional cysteine residues to conjugate the target protein with maleimide-fluorophores
may impact protein stability and functionality [148]. Another labeling strategy, sortase-mediated
fluorescence labeling is a technique that utilizes the enzyme sortase A to recognize a specific peptide
motif, “Lys-Pro-X-Thr-Gly/Ala” (LPXTG/A), where “X” represents any amino acid, enabling the
covalent binding of fluorophores to the C- or N- terminus of proteins [98, 149]. However, this method
suffers from relatively low enzymatic efficiency and reversibility, often requiring excess nucleophilic
labeling reagent to drive the reaction forward [150]. Additionally, the requirement for specific peptide
sequences and the limited availability of fluorescent sortase substrates constrain its general
applicability.

In this study, a simple and efficient protocol for conjugating BG-modified fluorophores to Nbs anti-
IgG-SNAP was developed, as described in Section 3.2.3. Using SNAP-Surface® Alexa Fluor® 647,
we achieved complete labeling by incubating the dye with the protein at a 2:1 molar ratio in PBS at
room temperature for 2 h in the dark. The result of this labeling is shown in Figure 4.3b. The absence
of signal from subsequent labeling with SNAP-Surface® Alexa Fluor® 488 (Figure 4.3a) confirmed
that all SNAP-tag binding sites were occupied under this protocol. This efficient, stoichiometrically
controlled labeling, conjugated with numerous commercial availabilities of BG-conjugated dyes,
demonstrates the suitability of SNAP-tag for producing highly defined and reproducible labeling
reagents. Compared with NHS-ester, cysteine-specific and sortase-mediated methods, SNAP-tag
labeling combines the advantages of site specificity, gentle reaction conditions and adaptability,
making it especially well-suited for applications that require low background and precise fluorophore

stoichiometry.

5.6 Expression and enrichment of Nb anti-IgG-SNAP and -HRP fusion proteins

In this study, the pMS vector was employed for the expression of Nbs anti-IgG-SNAP fusion proteins.
This vector contains a bicistronic mRNA enables the simultaneous expression of the target fusion
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proteins and EGFP, without incorporating EGFP into the proteins. This feature allowed the monitoring
of transfected HEK293T cells under an inverted microscope via GFP fluorescence channel. GFP-
positive cells were typically detected within 2-3 days. Subsequent conjugation of the supernatant with
SNAP-Surface® Alexa Fluor® 488 and SDS-PAGE analysis confirmed the presence of Nbs anti-IgG-
SNAP fusion proteins, as visualized using ChemiDoc XRS+ System (Supplementary Figure 4),
validating their successful expression. For Nbs anti-IgG-HRP fusion proteins, the pHR vector was used
[118]. This lentiviral expression system also employs a bicistronic design via an IRES, allowing
EmGFP (Aex/Aem= 487/509 nm) co-expressed with the target proteins [151]. As with pMS, the
fluorescent protein was not part of the fusion construct but served as a transfection and expression
marker. Due to the advantages of the lentiviral system, including the high transfection efficiency and
robust protein expression [118], GFP fluorescence in pHR-transfected cells was notable stronger than
that observed in pMS-transfected HEK293T cells. Expression of Nbs anti-IgG-HRP in the supernatant
was validated not by SNAP-tag labeling but by direct ELISA and IFA (Figure 4.18), both of which
showed significant positive results compared to the supernatant from non-transfected HEK293T cells.
In the IFA, Alexa Fluor 647 conjugated anti-penta-His antibody was used as tertiary antibody to detect
the His-tagged Nbs anti-IgG-HRP. Interestingly, fluorescence in the Alexa Fluor 647 channel was
observed both on the cell membranes and within the cell nucleus when rabbit-produced anti-EGFR
was used as the primary antibody. This nuclear signal was likely due to the permeabilization conditions
applied during IFA, which permit antibody into the nucleus, and the use of cell culture supernatant as
the secondary antibody, potentially increasing nonspecific interaction.

All fusion proteins were engineered with a His-tag at the C-terminus, composed of six histidine
residues, allowing their straightforward isolation by IMAC [152]. In this method, imidazole competes
with the histidine residues for binding to the immobilized Ni*" ions on the resin. Stepwise elution with
increasing imidazole concentrations (10, 40 and 250 mM) revealed that specific binding occurred at a
high concentration, with efficient protein recovery at 250mM imidazole (E3 and E4; Figure 4.2,
Figure 4.19a). This approach yielded approximately 5 mg/L for Nbs anti-IgG-SNAP and 3 mg/L for
Nbs anti-IgG-HRP. Moreover, the mild nature of imidazole elution preserved protein integrity and

activity, supporting its suitability for recombinant nanobody purification. The workflows for achieving
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high purity and yield in Nbs recombinant protein enrichment was described in Section 3.2.2.4.
Following enrichment, Nbs anti-IgG-SNAP fusion proteins were rapidly visualized using SNAP-
Surface® Alexa Fluor® 488 labeling (Figure 4.2a, Supplementary Figure 1). The calculated
molecular weight, incorporating the nanobody (12.8-13.7 kDa), SNAP-tag (20 kDa), Igk leader and
His-tag, was approximately 39 kDa, consistent with the SDS-PAGE. For the Nbs anti-IgG-HRP fusion
proteins displayed molecular weight of ~95 kDa (Figure 4.19b), which was larger than our expected
55 kDa. This size discrepancy is likely due to PTMs, particularly glycosylation, which is common for
HRP expressed in mammalian cells such as HEK293T cells [133]. HRP contains consensus N-
glycosylation motifs (Asn-X-Ser/Thr) recognized by the mammalian glycosylation machinery [153],
leading to the addition of carbohydrate chains to HRP [154]. Additionally, native plant-derived HRP
is also heavily glycosylated, which contributes to its enzymatic stability and activity [155]. Therefore,
it is probable that the HEK293T-expressed Nbs anti-IgG-HRP retained similar glycosylation patterns,
accounting for its higher molecular weight.

Overall, these results confirm that both pMS and pHR expression systems can successfully produce
functional Nbs anti-IgG fusion proteins, with lentiviral delivery providing higher expression efficiency
[118]. The combination of fluorescent co-reporters for monitoring, IMAC for enrichment and
functional assays for validation ensured high-confidence and recovery of the target proteins. The
observed PTMs modification in Nbs anti-IgG-HRP highlight the important of considering host-cell
glycosylation in the design and interpretation of recombinant fusion proteins containing glycoprotein

components [133] [153] [154] [155].

5.7 The specificity of Nbs anti-IgG-SNAP and Nbs anti-IgG-HRP as secondary antibodies

The global demand for primary antibodies in both research and clinical diagnostics has significantly
increased, with mouse- and rabbit-derived antibodies dominating the market. According to Labome
antibody data, as of 2021, there were 414,178 rabbit-derived polyclonal antibodies targeting 52,288
genes across 157 species, including 18,749 human genes [156]. By 2022, there were 254,742 mouse-
derived monoclonal antibodies identifying 11,079 genes products for 156 species [157]. While
monoclonal antibodies are predominantly produced in mice, polyclonal antibodies are mainly derived
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from rabbits, making these two species as the main targets for secondary antibody development.

In this study, we adapted a panel of nanobodies originally described by Pleiner et al. [117], comprising
four anti-mouse nanobodies—Nb anti-mouse IgG1 Fab (TP886), Nb anti-mouse IgG1 Fc (TP1107),
Nb anti-mouse IgG2a Fc (TP1129), Nb anti-mouse kappa chain (TP1170)—and one anti-rabbit
nanobody, Nb anti-rabbit IgG Fc (TP897). These nanobodies were fused to SNAP-tag or HRP, creating
recombinant secondary antibodies tailored for both species and subclass discrimination. When
conjugated with SNAP-Surface® Alexa Fluor® 647 via the SNAP-tag, the resulting Nbs anti-IgG-
SNAP-Alexa Fluor® 647 reagents demonstrated species specificity comparable to commercial Alexa
Fluor 647 labeled secondary antibodies (Figure 4.4). The four Nbs anti-mouse IgG-SNAP-647 bound
exclusively to mouse-derived primary antibodies, while the Nb anti-rabbit IgG Fc-SNAP-647 only
recognized rabbit-derived antibodies. Subclass testing further confirmed the precision of these reagents:
mouse IgG1 antibodies (anti-EpCAM, anti-NG2, anti-HER2, and anti-FOLR1) were detected by both
Nb anti-mouse IgG1 Fab-SNAP-647 and Nb anti-mouse IgG1 Fc-SNAP-647, but not by Nb anti-
mouse [gG2a Fc-SNAP-647. Conversely, the mouse [gG2a antibody anti-EGFR was detected only by
Nb anti-mouse IgG2a Fc-SNAP-647. The kappa light chain, specific nanobody bound all mouse-
derived antibodies tested. This observation is consistent with the fact that approximately 95% of
mouse-derived antibodies possess kappa chains, while only ~5% contain lambda chains [158]. This
predominant increases the likelihood of the kappa-specific nanobody broadly reactive across mouse
IgG subclasses. The results underline the specificity and versatility of the Nbs anti-IgG-SNAP-647 for
different species and subclasses detection in indirect immunoassays. Nbs anti-IgG-HRP fusions were
evaluated for specificity using both Western blot and TSA-based mIF. In Western blot assays (Figure
4.20), Nb anti-mouse IgG1 Fab-HRP and Nb anti-mouse IgG1 Fc-HRP bound exclusively to IgG1
antibody, Nb anti-mouse IgG2a Fc-HRP bound only IgG2a antibody, and Nb anti-mouse kappa chain-
HRP detected both subclasses, again reflecting light chain distribution. For species specificity, the
nanobody-HRP fusions performed comparable to commercial HRP-conjugated secondary antibodies.
In TSA-based mIF experiments (Figure 4.22), these HRP-fusions maintained subclass discrimination
when detecting mouse IgG1 (anti-ERa, anti-CD31), mouse [gG2a (anti-aSMA, anti-CD20) and rabbit

IgG (anti-PR). The strong agreement with commercial secondary antibodies and with precious reports
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reinforces that Nbs-based secondaries can combine high specificity with the advantages of
recombinant production [ 117], including batch-to-batch consistency and the potential for customizable
labeling.

Overall, both SNAP- and HRP- fused Nbs secondaries demonstrated exceptional species and subclass
specificity, matching the performance of conventional secondary antibodies while offering additional

flexibility for Western blot and TSA-based mIF applications.

5.8 The application of Nbs anti-IgG-SNAP in indirect immunofluorescence assays as secondary

antibodies

5.8.1 Nbs anti-IgG-SNAP in flow cytometry and fluorescence microscopy

In this study, various breast cancer cell lines (MDA-MB-231, MDA-MB-468, Hs578T, MCF-7, MDA-
MB-453) and endometrial cells (49Z, 12Z, Ishikawa, T-HESC) were used to investigate the expression
levels of target molecules and to demonstrate the broad applicability of Nbs anti-IgG-SNAP across
diverse cell types. Flow cytometry plays a pivotal role in immunofluorescence assays, as its capacity
for rapid and quantitative of extracellularly and intracellularly antigens [159], revealed expression
profile consistent with previous studies for multiple markers. Using either Nbs anti-IgG-SNAP-Alexa
Fluor® 647 or Alexa Fluor 647 conjugated commercial secondary antibodies, the expression of EGFR,
EpCAM, NG2, ANK3 and CTNNBI1 was analyzed in breast cancer cell lines (Figure 4.5-4.7). As
shown in Figure 4.5, and consistent with previous studies, Nb anti-mouse IgG1 Fab-SNAP-647, Nb
anti-mouse IgG1 Fc-SNAP-647 and Nb anti-mouse kappa chain-SNAP-647 detected high EpCAM
expression in MDA-MB-468, MCF-7 and MDA-MB-453 cell lines [138]. In contrast, Hs578T and
MDA-MB-231 exhibited minimal EpCAM expression [160]. NG2 was abundant in Hs578T and
moderate in MDA-MB-231 [161], In contrast, other three cell lines showed minimal NG2 expression,
while few studies have reported on these cell lines. EGFR expression, measured by Nb anti-mouse
IgG2a Fc-SNAP-647 and Nb anti-mouse kappa chain-SNAP-647 (Figure 4.6), was highest in MDA-
MB-468 and MDA-MB-231, moderate in Hs578T, and minimal in MDA-MB-453 and MCF-7 [138,

162, 163]. Figure 4.7 showed the detection of anti-ANK3 and anti-CTNNBI1 using Nb anti-rabbit IgG
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Fc-SNAP-647 in all breast cancer cell. ANK3 plays a role in maintaining cellular structure and function,
with data from The Cancer Genome Atlas (TCGA) indicating its expression in breast cancer tissues
[164]. This suggests its potential as a prognostic marker [165]. CTNNBI1 is implicated in cancer
progression, with previous studies reporting its expression in MDA-MB-468, MDA-MB-231 and
MCF-7 [166-168]. Subsequently, the expression of EGFR, HER2, EpCAM and FORL1 in endometrial
cells was analyzed using the Nbs anti-IgG-SNAP-Alexa Fluor® 647 (Figure 4.8). EGFR was
consistently expressed [169-171], and HER2, though less studied its expression in endometrial cells,
was also detected in all cells. Using Nb anti-mouse IgG1 Fab-SNAP-647 and Nb anti-mouse kappa
chain-SNAP-647, both FOLR1 and EpCAM were presented in Ishikawa cells, supporting their
association with endometrial cancer progression [172, 173]. The positive signals for anti-NG2 were
observed in 497, 12Z and T-HESC cell lines, which represent endometrial epithelial cells or stromal
cells. This observation aligned with reports highlighting the role of NG2 in the normal regenerative
process of the endometrium [174].

Comparisons of fluorescence intensities (Figure 4.6-4.8) revealed that signals from Nb anti-mouse
IgG2a Fc-SNAP-647 and Nb anti-rabbit IgG Fc-SNAP-647 yielded relatively weaker than those for
commercial Alexa Fluor 647-conjugated secondary antibodies. This is likely due to the fluorophore
stoichiometry: the Alexa Fluor 647 conjugated commercial secondary antibodies (Thermo Fisher
Scientific) typically carry 2-8 fluorophores per IgG molecule, producing sustainable amplification for
low-abundance targets, whereas Nbs anti-IgG-SNAP bind a single BG-modified fluorophore (e.g.
SNAP-Surface® Alexa Fluor® 647) in a strict 1:1 ratio [102, 175]. Nb anti-mouse kappa chain-SNAP-
647 generated stronger signals than Nb anti-mouse 1gG2a Fc-SNAP-647 (Figure 4.6), consistent with
its ability to bind four sites per primary, while Nb anti-mouse 1gG2a Fc-SNAP-647 provides two
binding sites per primary antibody (Figure 1.1).

Fluorescence microscopy complemented these findings by visualizing the localization and distribution
of fluorescently labeled molecules within individual cells. In this study, the same cells, primary
antibodies and their corresponding Nbs anti-IgG-SNAP-Alexa Fluor® 647 or Alexa Fluor 647
conjugated commercial secondary antibodies, used for flow cytometry, were also applied to

fluorescence microscopy (Figure 4.9-4.12). EGFR was expressed on the cell membrane and in the
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cytoplasm, HER?2 localized predominantly in the cytoplasm, while EpCAM, FOLRI1 and NG2 were
membrane associated expression, and ANK3 and CTNNBI1 were cytoplasmatic antigens. These
findings were in agreement with both our flow cytometry data and previous studies [176-182]. In
Figure 4.9a, MDA-MB-231 cells showed no detectable EpCAM expression by fluorescence
microscopy, which has a discrepancy in the minimal expression observed in Figure 4.5a using flow
cytometry. This difference reflects the higher sensitivity of flow cytometry compared to fluorescence
microscopy, as it is more adept at detecting lower levels of expression [183].

In summary, these results demonstrate that Nbs anti-IlgG-SNAP-Alexa Fluor® 647 secondaries provide
accurate species- and subclass-specific detection in both quantitative (flow cytometry) and spatial
(fluorescence microscopy) assays. The defined labeling stoichiometry of the SNAP-tag ensures
reproducibility, while the ability to maintain performance across diverse cell types underscores its

potential for standardized IFA workflows.

5.8.2 Nbs anti-IgG-SNAP for multicolor immunofluorescence

After evaluating the performance of Nbs anti-IgG-SNAP in flow cytometry and fluorescence
microscopy, their potential for multicolor immunofluorescence in paraffin-embedded cell blocks was
explored. SNAP-tag technology has been shown to effectively covalently conjugate various BG-
modified fluorophores, enabling multicolor imaging in live-cell [109]. Since cell block is a paraffin-
embedded technique, it is valuable for both IHC and long-term storage, and it plays a crucial role in
diagnostic cytology, bridging a gap between cytology and histology [184].Given its importance, cell
block technology is an ideal platform for IHC and multicolor immunofluorescence in this study. This
approach enabled the exploitation of the versatility of Nbs anti-IgG-SNAP for high-quality, multi-
color imaging, while preserving the diagnostic relevance of the cell block format. In Figure 4.13, the
endometrial cell block (49Z, 12Z, Ishikawa, T-HESC) analyzed with THC yield consistent results with
previous results in flow cytometry and fluorescence microscopy. All cells were positive for EGFR and
HER2, while Ishikawa cells were FOLR1- and EpCAM-positive but NG2-negative. Subsequently, Nbs
anti-IgG-SNAP were labeled with SNAP-Surface® Alexa Fluor® 488, 546 or 594, following the

protocol described in Section 3.2.3. The multicolor staining strategy was outlined in Table 3.19. The
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staining patterns in panel A and B are shown in Figure 4.14a, f and 4.15a, f. These results revealed
target-specific fluorescence without cross-interference, as confirmed by leave-one-out controls or post-
incubation with Nbs anti-IgG-SNAP-647 (Figure 4.14, Figure 4.15), validating the multi-color
staining approach and the specificity of the Nbs anti-IgG-SNAP conjugates for simultaneous detection
of multiple antigens in a single cell block.

Compare to live-cell multicolor staining using some BG-modified fluorophores [109], the multicolor
strategy of Nbs anti-IgG-SNAP conjugates here yielded clean, specific signals. While previous dual-
color SNAP-tag methods have relied on CLIP-tag or Halo-tag [185-187], these direct detection
methods labeled proteins with individual fluorophores to detect two target molecules, our Nbs anti-
IgG-SNAP enables the indirect detection for multiple targets. This offers greater flexibility for labeling
endogenous targets without genetic modification and expands the number of detectable markers by
combining Nbs anti-IgG-SNAP fusions with primary antibodies of defined species and subclass
specificity.

The performance of Nbs anti-IgG-SNAP in multi-color immunofluorescence was consistent with
earlier assay. In flow cytometry, Nbs anti-IgG-SNAP-Alexa Fluor® 647 exhibited fluorescence
intensities and quantitative reliability comparable to those of Alexa Fluor 647 conjugated commercial
secondary antibodies, accurately distinguishing low- and high-expression targets. In fluorescence
microscopy, the Nbs anti-IgG-SNAP-Alexa Fluor® 647 produced high-resolution fluorescence signals,
comparable to those generated by commercial secondary antibodies. Additionally, the smaller sizes of
the Nbs (= 39 kDa) provide enhanced accuracy for protein localization, offering an advantage over
larger commercial antibodies (~150 kDa) [127]. These capabilities enable precise visualization of
protein localization in fixed cells. Unlike pre-conjugated commercial secondary antibodies, which are
restricted to fixed fluorophores and may increase costs, complexity and potential spectral overlap in
multi-color imaging, the generated Nbs anti-IgG-SNAP permits customized fluorophore conjugation.
This flexibility minimizes spectral interference, facilitates optimal channel selection and reduced costs
associated with maintaining multiple dye-conjugated secondary reagents. In addition, the unique
feature of SNAP-tag conjugates with a defined 1:1 stoichiometry to fluorophores is essential for

quantitative flow cytometry, improving the reliability of data in protein expression or interaction
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analyses [188].
Taken together, these findings demonstrate that Nbs anti-IgG-SNAP combined high specificity, low
back ground and flexible fluorophore selection, making them as a competitive alternative to traditional

secondary antibodies in both researches and diagnostics.

5.9 The application of Nbs anti-IgG-HRP in Western blot

To date, most studies focused on developing nanobodies conjugated with HRP as detection reagents
for ELISA applications, demonstrating excellent sensitivity for pathogen detection, antibody
quantification and biomarker analysis [189-191]. While ELISA remains a powerful and high-
throughput format for protein quantification, Western blotting provides complementary advantages,
particularly in the ability to separate proteins by molecular weight via SDS-PAGE. This character
enables not only the identification of target proteins and the verification of their sizes but also the
detection of PTMs such as phosphorylation, glycosylation, and ubiquitination, which are important for
understanding the function and regulation of target proteins [ 192, 193]. Additionally, the gel separation
step reduces the risk of false positives caused by non-specific binding in complex biological samples.
In this study, Nb anti-mouse IgG1 Fab-HRP, Nb anti-mouse [gG1 Fc-HRP, Nb anti-mouse 1gG2a Fc-
HRP, Nb anti-mouse kappa chain-HRP and Nb anti-rabbit IgG Fc-HRP were generated to be used as
secondary antibodies for Western blot. Their species and subclass specificities were first validated
(Figure 4.20), confirming that each Nbs anti-IgG-HRP recognized only its intended target without
cross-reactivity. We then applied these reagents to detect three anti-EGFR antibodies in two breast
cancer cell lines (MDA-MB-468, MDA-MB-453) and two endometrial cell lines (Ishikawa, T-HESC)
(Figure 4.21). Using anti-GAPDH as an internal control, EGFR was detected in MDA-MB-468,
Ishikawa and T-HESC cells but was absent in MDA-MB-453 cells. Subcalss-specific recognition was
clearly maintained: Figure 4.21a shows that Nb anti-mouse IgG1 Fab-HRP, Nb anti-mouse IgG1 Fc-
HRP, and Nb anti-mouse kappa chain-HRP detected anti-EGFR (mouse/IgG1); Figure 4.21b shows
Nb anti-mouse IgG2a Fc-HRP and Nb anti-mouse kappa chain-HRP detected anti-EGFR
(mouse/IgG2a). Figure 4.21c¢ shows Nb anti-rabbit IgG Fc-HRP detected anti-EGFR (rabbit/IgQG).

These results demonstrate that our Nbs anti-IgG-HRP fusion proteins mirrored the performance of
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commercial HRP-conjugated secondary antibodies and aligned with earlier studies confirming the high
specificity and low background of Nbs anti-IgG-HRP constructs [117, 194]. Importantly, no inaccurate
binding was observed, reinforcing the value of Nbs anti-IgG-HRP fusions as highly selective reagents.
By extending the application of HRP-conjugated nanobodies beyond ELISA into Western blotting, this
study demonstrates that such reagents can provide the same species and subclass specificity, reduced
background and batch-to-batch reproducibility, while retaining the additional molecular weight that
Western blotting uniquely offers. Given this small size, recombinant origin and engineering flexibility,
Nbs anti-IgG-HRP represent a competitive and versatile alternative to traditional HRP-conjugated

secondary antibodies for both research and diagnostic protein analysis.

5.10 The application of Nbs anti-IgG-HRP in TSA-based mIF

TSA-based mIF enables simultaneous detection of multiple antigens within a single tissue section by
amplifying fluorescence signals. This method utilizes the catalytic activity of HRP to deposit tyramide-
conjugated fluorophores near the target proteins, leading to enhance signal intensity and facilitating
visualization of low-abundance target proteins. Moreover, TSA-base mIF enables to use multiple
primary antibodies from the same species without significant cross-reactivity, and is particularly
effective for FFPE tissues, which are commonly used in clinical diagnosis. These advantages make
TSA-base mIF to be a powerful tool for investigating tumor immune microenvironment (TIME) and
cancer immunotherapy [112, 195, 196].

Opal methodology is commonly used in TSA-base mlF, providing a standardized reagents and
workflows [197-199], but its high cost and dependence on specialized imaging systems can limit
adoption in standard laboratory settings [200]. To address these challenges, this study evaluated Nbs
anti-IgG-HRP in a cost-effective, fully manual TSA-based mIF protocol using commercially available
tyramide fluorophores and a conventional multispectral slide scanner.

Five biologically and clinically relevant antigens (ERa, PR, aSMA, CD31 and CD20) were selected.
ERa and PR are key factors in the pathogenesis and progression of endometriotic lesions, and reflect
its hormone-dependent nature [201, 202], aSMA and CD31 can evaluate vascularization in deep
endometriosis [203], while CD20 indicates proinflammatory microenvironment in endometriosis [204].
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Specificity of each Nb anti-IgG-HRP was confirmed by IHC in both single endometriosis tissue sample
and TMA (Figure 4.23-4.25). Expression analysis revealed that ERa and PR were not consistently
expressed in the endometriosis tissues, aligning with previous studies that highlight the complex
hormone disturbances associated with endometriosis [202, 205]. Based on the IHC results, ERa and
PR staining were observed in the nuclei of glandular or stromal cells, consistent with previous studies
[121, 122] and spatial proximity between proximity CD31- and aSMA-positive cells were observed.
This frequent challenge in mIF has been previously reported, emphasizing the need to carefully design
panels with antigens exhibiting similar expression patterns while ensuring they are paired with
tyramide-fluorophores featuring sufficiently distinct excitation and emission spectra [197, 206, 207].
To minimize spectral overlap, a five-plex mIF panel was designed carefully (Table 4.4) using
alternative tyramide fluorophores: iFluor® 430 Styramide for Opal 480, Alexa Fluor™ 488 for Opal
520, Alexa Fluor™ 546 for Opal 570, Alexa Fluor™ 647 for Opal 690 and iFluor® 750 Styramide for
Opal 780.

The manual mIF protocol was optimized by adjusting several parameters, including: dilutions of
primary antibodies and tyramide-fluorophores, antigen retrieval buffer, antigen retrieval time,
tyramide-fluorophores, fluorescence incubation time and heat-induced epitope retrieval (HIER) time
for stripping the bound primary-secondary antibodies complex away, was described in Section 3.2.12.
Chromogenic IHC confirmed that Nbs anti-IgG-HRP and HRP-conjugated commercial secondary
antibodies yielded identical staining patterns (Figure 4.23). The optimized mIF protocol achieved
consistent, high-quality signals with minimal cross-reactivity over five sequential staining cycles
(Figure 4.24). Leave-on-out controls verified that the observed fluorescence signals originated solely
from the intended primary antibody, ruling out residual antibody complexes from previous cycle. This
result validated the reliability of the manual mIF protocol for FFPE tissues. Furthermore, Nbs anti-
IgG-HRP demonstrated high precision in targeting specific antigen epitopes, significantly enhancing
the efficiency of TSA-based mIF. Their monoclonal nature minimized cross-reactivity and background
noise, generating distinct and well-defined fluorescent signals. In contrast, commercial polyclonal
antibodies, which bind multiple epitopes, increased the likelihood of non-specific interactions and

higher background signals [208], while their small molecular size improves tissue penetration, which
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is especially advantageous in TSA-based mIF, where uniform staining and precise antigen detection
are critical [209].

To assess broader applicability of this protocol, endometriosis TMAs were analyzed, with imaging
parameters for Axio Scan.Z1 slide scanner detailed in Supplementary Figure 3. As shown in Figure
4.25, mIF performed with Nbs anti-IgG-HRP and commercial HRP-conjugated secondary antibodies
produced similar positive cells patterns as chromogenic IHC. The mIF method exhibited greater
sensitivity and stronger fluorescence signal, owing to the enhanced amplification capabilities of the
TSA technique [210]. Quantification of full six-color staining in TMA (Figure 4.26) was performed
using the advanced image analysis tool Qupath [124, 211, 212]. No statistical differences were
observed in positive cell numbers or positive cell percentage between Nbs and commercial antibodies
(Figure 4.27a, b). A heatmap (Figure 4.27¢) further corroborated their comparable performance.

In conclusion, Nbs anti-IgG-HRP demonstrated equivalent performance to commercial HRP-
conjugated secondary antibodies, highlighting their potential as a substitute. The robust, low-cost
manual protocol developed here enables high-quality multiplex imaging in standard laboratories,

expanding access to TSA-based mIF without reliance on proprietary kits or specialized platforms.
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7. Supplementary materials

7.1 Sequences of open reading frames

7.1.1 Nb anti mouse IgG1 Fab-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTAGAGTGTGGGGGAGGCTTGGTGCAGCC
TGGGGGGTCTCTGAGACTCTCCTGTGCAGCCTCTGGATTCACTTTCGCTAACTACTACATG
AGCTGGGTCCGCCAGGCTCCAGGAAAGGGGCCCGAGTGGGTCTCAGCAATTAATACTCT
TGGTGGTAAAACAAAGTATGCAGACTCCGTGAAGGGCCGATTCACCATCTCCAGAGACA
ACGCCAAGAGCACGCTGTATCTGCAAATGAACAGCCTGAAACCTGAGGATACGGCCCTG
TATTACTGTGCGAGAGAGGTCACATACTATAGTGGTACTTACTACCTATTTGGGACGAAAC
AAGAGTATGACTACAGGGGCCAGGGGACCCAGGTCACAGTCTCATCATGTTCTAGAATGG
ACAAAGACTGCGAAATGAAGCGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTG
TCTGGGTGCGAACAGGGCCTGCACGAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGC
CGACGCCGTGGAAGTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATGC
AGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTCCCT
GTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTG
GAAACTGCTGAAAGTGGTGAAGTTCGGAGAGGTCATCAGCTACCAGCAGCTGGCGGCCC
TGGCGGGCAATCCCGCCGCCACCGCCGCCGTGAAAACCGCCCTGAGCGGAAATCCCGTG
CCCATTCTGATCCCCTGCCACCGGGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACGAG
GGCGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCAAGC
CTGGGCTGGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAACTCATCTCAGAA
GAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA

7.1.2 Nb anti mouse IgG1 Fc-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTGGAGTCTGGGGGAGGCTTGGTGCAGC
CTGGGGGGTCTCTGAGGCTCTCCTGTGCAGCCTCTGGATTCACATTCAGTGATACCTGGA
TGAACTGGGTCCGCCAGGCTCCAGGGAAGGGGCTCTATTGGATCTCAGCCATCAATCCGG
ACGGTGGTAACACAGCCTATGCAGACTCCGTCAAGGGCCGGTTCACCATCTCCAGAGAC
AACGCCAAGAACATGGTGTATCTGCAGATGGACAACCTGAGACCTGAGGACACGGCCAT
GTATTACTGCGCAAAGGGTTGGGTTCGCCTTCCAGATCCCGATCTGGTAAGGGGCCAGGG
GACCCAGGTCACAGTCTCCTCCGGTGGATGTTCTAGAATGGACAAAGACTGCGAAATGA
AGCGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACAGGGC
CTGCACGAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAAGTGCC
TGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATGCAGGCCACCGCCTGGCTCA
ACGCCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTCCCTGTGCCAGCCCTGCACCACC
CAGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTGGAAACTGCTGAAAGTGGTG
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AAGTTCGGAGAGGTCATCAGCTACCAGCAGCTGGCGGCCCTGGCGGGCAATCCCGCCGC
CACCGCCGCCGTGAAAACCGCCCTGAGCGGAAATCCCGTGCCCATTCTGATCCCCTGCCA
CCGGGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACGAGGGCGGGCTCGCCGTGAAAG
AGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCAAGCCTGGGCTGGGCGCTGAGCA
CGAATTTCGAGGAGGGCCCGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCG
TCGACCATCATCATCATCATCATTGA

7.1.3 Nb anti mouse IgG2a Fc-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTAGAGTGTGGGGGAGGCTTGGTGCAGCC
TGGGGGGTCTCTGAGACTCTCCTGTGTAGCCTCTGGATTCACCTTCAGTAGCGCCTACAT
GAGCTGGGTCCGCCAGGCTCCAGGAAAGGGGCCCGAGTGGGTCTCAACTATTAGTACAG
GTGGTGGTATCGTAAACTATGCAGACTCCGTGAAGGGCCGATTCGCCATCTCCAGAGACA
ACGCCAAGAACACCCTGTATCTGCAAATGAACAAACTGAAACCTGAGGACACGGCCCTC
TATTACTGTGCGAGCAATAAAGGCCCGCATTACCATAGCGACTATTTTGATTCGAATCTGTA
TGACTTCTGGGGCCAGGGGACCCGGGTCACAGTCTCATCATGTTCTAGAATGGACAAAG
ACTGCGAAATGAAGCGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTGTCTGGG
TGCGAACAGGGCCTGCACGAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGCCGACG
CCGTGGAAGTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATGCAGGCC
ACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTCCCTGTGCCA
GCCCTGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTGGAAACT
GCTGAAAGTGGTGAAGTTCGGAGAGGTCATCAGCTACCAGCAGCTGGCGGCCCTGGCGG
GCAATCCCGCCGCCACCGCCGCCGTGAAAACCGCCCTGAGCGGAAATCCCGTGCCCATT
CTGATCCCCTGCCACCGGGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACGAGGGCGG
GCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCAAGCCTGGG
CTGGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAACTCATCTCAGAAGAGG
ATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA

7.1.4 Nb anti mouse kappa chain-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTAGAGTCTGGGGGAGGCTGGGTGCAGC
CTGGGGGGTCTCTGAGACTCTCCTGTGCAGCCTCTGGATTCACCTTCAGTGACACTGCCA
TGATGTGGGTCCGCCAGGCTCCAGGGAAGGGGCGAGAGTGGGTCGCAGCTATTGATACT
GGTGGTGGATACACATACTATGCAGACTCCGTGAAGGGCCGATTCACCATCTCCAGAGAC
AACGCCAAGAACACGCTGTATCTGCAAATGAACAGCCTGAAACCGGAGGACACGGCCC
GATACTACTGTGCGAAGACCTACTCCGGTAATTACTATAGCAACTACACGGTTGCCAACTA
TGGCACCACGGGCCGGGGGACCCTGGTCACAGTCTCCTCCGGTGGATGTTCTAGAATGG
ACAAAGACTGCGAAATGAAGCGCACCACCCTGGATAGCCCTCTGGGCAAGCTGGAACTG
TCTGGGTGCGAACAGGGCCTGCACGAGATCAAGCTGCTGGGCAAAGGAACATCTGCCGC
CGACGCCGTGGAAGTGCCTGCCCCAGCCGCCGTGCTGGGCGGACCAGAGCCACTGATGC
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AGGCCACCGCCTGGCTCAACGCCTACTTTCACCAGCCTGAGGCCATCGAGGAGTTCCCT
GTGCCAGCCCTGCACCACCCAGTGTTCCAGCAGGAGAGCTTTACCCGCCAGGTGCTGTG
GAAACTGCTGAAAGTGGTGAAGTTCGGAGAGGTCATCAGCTACCAGCAGCTGGCGGCCC
TGGCGGGCAATCCCGCCGCCACCGCCGCCGTGAAAACCGCCCTGAGCGGAAATCCCGTG
CCCATTCTGATCCCCTGCCACCGGGTGGTGTCTAGCTCTGGCGCCGTGGGGGGCTACGAG
GGCGGGCTCGCCGTGAAAGAGTGGCTGCTGGCCCACGAGGGCCACAGACTGGGCAAGC
CTGGGCTGGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAACTCATCTCAGAA
GAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA

7.1.5 Nb anti rabbit IgG Fc-SNAP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTAGAGTCTGGGGGAGGCTTGGTGCAGGC
TGGTGACTCTCTGCGACTCTCCTGTGTAGCCTCTGGGCGCTCCTTGGATGGGGCCACCAT
GCGCTGGTACCGCCAGGCTCCAGGGAAGGAGCGAGAATTTGTTGCAGGCATTTTTTGGG
ATGAGATTGGTACGGAATATGCAGACACTGCGAAGGGCCGATTCACCATCTCCAGAGACA
ATGCCAAGAACACGATATATCTACAAATGACCAACCTGAGGTCCGAAGACACGGCCATGT
ATTATTGTAATGGATTAGTATTCGGGGGTGAATACTGGGGACAGGGGACCCAGGTCACAG
TCTCCTCCGGTGGATGTTCTAGAATGGACAAAGACTGCGAAATGAAGCGCACCACCCTG
GATAGCCCTCTGGGCAAGCTGGAACTGTCTGGGTGCGAACAGGGCCTGCACGAGATCAA
GCTGCTGGGCAAAGGAACATCTGCCGCCGACGCCGTGGAAGTGCCTGCCCCAGCCGCCG
TGCTGGGCGGACCAGAGCCACTGATGCAGGCCACCGCCTGGCTCAACGCCTACTTTCAC
CAGCCTGAGGCCATCGAGGAGTTCCCTGTGCCAGCCCTGCACCACCCAGTGTTCCAGCA
GGAGAGCTTTACCCGCCAGGTGCTGTGGAAACTGCTGAAAGTGGTGAAGTTCGGAGAG
GTCATCAGCTACCAGCAGCTGGCGGCCCTGGCGGGCAATCCCGCCGCCACCGCCGCCAT
GAAAACCGCCCTGAGCGGAAATCCCGTGCCCATTCTGATCCCCTGCCACCGGGTGGTGTC
TAGCTCTGGCGCCGTGGGGGGCTACGAGGGCGGGCTCGCCGTGAAAGAGTGGCTGCTGG
CCCACGAGGGCCACAGACTGGGCAAGCCTGGGCTGGGCGCTGAGCACGAATTTCGAGG
AGGGCCCGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATC
ATCATCATCATTGA

7.1.6 Nb anti mouse IgG1 Fab-HRP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTAGAGTGTGGGGGAGGCTTGGTGCAGCC
TGGGGGGTCTCTGAGACTCTCCTGTGCAGCCTCTGGATTCACTTTCGCTAACTACTACATG
AGCTGGGTCCGCCAGGCTCCAGGAAAGGGGCCCGAGTGGGTCTCAGCAATTAATACTCT
TGGTGGTAAAACAAAGTATGCAGACTCCGTGAAGGGCCGATTCACCATCTCCAGAGACA
ACGCCAAGAGCACGCTGTATCTGCAAATGAACAGCCTGAAACCTGAGGATACGGCCCTG
TATTACTGTGCGAGAGAGGTCACATACTATAGTGGTACTTACTACCTATTTGGGACGAAAC
AAGAGTATGACTACAGGGGCCAGGGGACCCAGGTCACAGTCTCATCATGTTCTAGAATGC
AGTTAACCCCTACATTCTACGACAATAGCTGTCCCAACGTGTCCAACATCGTTCGCGACA
115



CAATCGTCAACGAGCTCAGATCCGATCCCAGGATCGCTGCTTCAATATTACGTCTGCACTT
CCATGACTGCTTCGTGAATGGTTGCGACGCTAGCATATTACTGGACAACACCACCAGTTT
CCGCACTGAAAAGGATGCATTCGGGAACGCTAACAGCGCCAGGGGCTTTCCAGTGATCG
ATCGCATGAAGGCTGCCGTTGAGTCAGCATGCCCACGAACAGTCAGTTGTGCAGACCTG
CTGACTATAGCTGCGCAACAGAGCGTGACTCTTGCAGGCGGACCGTCCTGGAGAGTGCC
GCTCGGTCGACGTGACTCCCTACAGGCATTCCTAGATCTGGCCAACGCCAACTTGCCTGC
TCCATTCTTCACCCTGCCCCAGCTGAAGGATAGCTTTAGAAACGTGGGTCTGAATCGCTC
GAGTGACCTTGTGGCTCTGTCCGGAGGACACACATTTGGAAAGAACCAGTGTAGGTTCA
TCATGGATAGGCTCTACAATTTCAGCAACACTGGGTTACCTGACCCCACGCTGAACACTA
CGTATCTCCAGACACTGAGAGGCTTGTGCCCACTGAATGGCAACCTCAGTGCACTAGTGG
ACTTTGATCTGCGGACCCCAACCATCTTCGATAACAAGTACTATGTGAATCTAGAGGAGC
AGAAAGGCCTGATACAGAGTGATCAAGAACTGTTTAGCAGTCCAAACGCCACTGACACC
ATCCCACTGGTGAGAAGTTTTGCTAACTCTACTCAAACCTTCTTTAACGCCTTCGTGGAA
GCCATGGACCGTATGGGTAACATTACCCCTCTGACGGGTACCCAAGGCCAGATTCGTCTG
AACTGCAGAGTGGTCAACAGCAACTCTGGCGCTGAGCACGAATTTCGAGGAGGGCCCG
AACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATC
ATTGA

7.1.7 Nb anti mouse IgG1 Fc-HRP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTGGCGAGTCTGGGGGAGGCTTGGTGCAGC
CTGGGGGGTCTCTGAGGCTCTCCTGTGCAGCCTCTGGATTCACATTCAGTGATACCTGGA
TGAACTGGGTCCGCCAGGCTCCAGGGAAGGGGCTCTATTGGATCTCAGCCATCAATCCGG
ACGGTGGTAACACAGCCTATGCAGACTCCGTCAAGGGCCGGTTCACCATCTCCAGAGAC
AACGCCAAGAACATGGTGTATCTGCAGATGGACAACCTGAGACCTGAGGACACGGCCAT
GTATTACTGCGCAAAGGGTTGGGTTCGCCTTCCAGATCCCGATCTGGTAAGGGGCCAGGG
GACCCAGGTCACAGTCTCCTCCGGTGGATGTTCTAGAATGCAGTTAACCCCTACATTCTAC
GACAATAGCTGTCCCAACGTGTCCAACATCGTTCGCGACACAATCGTCAACGAGCTCAG
ATCCGATCCCAGGATCGCTGCTTCAATATTACGTCTGCACTTCCATGACTGCTTCGTGAAT
GGTTGCGACGCTAGCATATTACTGGACAACACCACCAGTTTCCGCACTGAAAAGGATGCA
TTCGGGAACGCTAACAGCGCCAGGGGCTTTCCAGTGATCGATCGCATGAAGGCTGCCGTT
GAGTCAGCATGCCCACGAACAGTCAGTTGTGCAGACCTGCTGACTATAGCTGCGCAACA
GAGCGTGACTCTTGCAGGCGGACCGTCCTGGAGAGTGCCGCTCGGTCGACGTGACTCCC
TACAGGCATTCCTAGATCTGGCCAACGCCAACTTGCCTGCTCCATTCTTCACCCTGCCCCA
GCTGAAGGATAGCTTTAGAAACGTGGGTCTGAATCGCTCGAGTGACCTTGTGGCTCTGTC
CGGAGGACACACATTTGGAAAGAACCAGTGTAGGTTCATCATGGATAGGCTCTACAATTT
CAGCAACACTGGGTTACCTGACCCCACGCTGAACACTACGTATCTCCAGACACTGAGAG
GCTTGTGCCCACTGAATGGCAACCTCAGTGCACTAGTGGACTTTGATCTGCGGACCCCAA
CCATCTTCGATAACAAGTACTATGTGAATCTAGAGGAGCAGAAAGGCCTGATACAGAGTG
ATCAAGAACTGTTTAGCAGTCCAAACGCCACTGACACCATCCCACTGGTGAGAAGTTTTG
CTAACTCTACTCAAACCTTCTTTAACGCCTTCGTGGAAGCCATGGACCGTATGGGTAACAT
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TACCCCTCTGACGGGTACCCAAGGCCAGATTCGTCTGAACTGCAGAGTGGTCAACAGCA
ACTCTGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAACTCATCTCAGAAGAG
GATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA

7.1.8 Nb anti mouse IgG2a Fc-HRP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTAGAGTGTGGGGGAGGCTTGGTGCAGCC
TGGGGGGTCTCTGAGACTCTCCTGTGTAGCCTCTGGATTCACCTTCAGTAGCGCCTACAT
GAGCTGGGTCCGCCAGGCTCCAGGAAAGGGGCCCGAGTGGGTCTCAACTATTAGTACAG
GTGGTGGTATCGTAAACTATGCAGACTCCGTGAAGGGCCGATTCGCCATCTCCAGAGACA
ACGCCAAGAACACCCTGTATCTGCAAATGAACAAACTGAAACCTGAGGACACGGCCCTC
TATTACTGTGCGAGCAATAAAGGCCCGCATTACCATAGCGACTATTTTGATTCGAATCTGTA
TGACTTCTGGGGCCAGGGGACCCGGGTCACAGTCTCATCATGTTCTAGAATGCAGTTAAC
CCCTACATTCTACGACAATAGCTGTCCCAACGTGTCCAACATCGTTCGCGACACAATCGTC
AACGAGCTCAGATCCGATCCCAGGATCGCTGCTTCAATATTACGTCTGCACTTCCATGACT
GCTTCGTGAATGGTTGCGACGCTAGCATATTACTGGACAACACCACCAGTTTCCGCACTG
AAAAGGATGCATTCGGGAACGCTAACAGCGCCAGGGGCTTTCCAGTGATCGATCGCATG
AAGGCTGCCGTTGAGTCAGCATGCCCACGAACAGTCAGTTGTGCAGACCTGCTGACTAT
AGCTGCGCAACAGAGCGTGACTCTTGCAGGCGGACCGTCCTGGAGAGTGCCGCTCGGTC
GACGTGACTCCCTACAGGCATTCCTAGATCTGGCCAACGCCAACTTGCCTGCTCCATTCTT
CACCCTGCCCCAGCTGAAGGATAGCTTTAGAAACGTGGGTCTGAATCGCTCGAGTGACCT
TGTGGCTCTGTCCGGAGGACACACATTTGGAAAGAACCAGTGTAGGTTCATCATGGATAG
GCTCTACAATTTCAGCAACACTGGGTTACCTGACCCCACGCTGAACACTACGTATCTCCA
GACACTGAGAGGCTTGTGCCCACTGAATGGCAACCTCAGTGCACTAGTGGACTTTGATCT
GCGGACCCCAACCATCTTCGATAACAAGTACTATGTGAATCTAGAGGAGCAGAAAGGCCT
GATACAGAGTGATCAAGAACTGTTTAGCAGTCCAAACGCCACTGACACCATCCCACTGGT
GAGAAGTTTTGCTAACTCTACTCAAACCTTCTTTAACGCCTTCGTGGAAGCCATGGACCG
TATGGGTAACATTACCCCTCTGACGGGTACCCAAGGCCAGATTCGTCTGAACTGCAGAGT
GGTCAACAGCAACTCTGGCGCTGAGCACGAATTTCGAGGAGGGCCCGAACAAAAACTC
ATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA

7.1.9 Nb anti mouse kappa chain-HRP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTAGAGTCTGGGGGAGGCTGGGTGCAGC
CTGGGGGGTCTCTGAGACTCTCCTGTGCAGCCTCTGGATTCACCTTCAGTGACACTGCCA
TGATGTGGGTCCGCCAGGCTCCAGGGAAGGGGCGAGAGTGGGTCGCAGCTATTGATACT
GGTGGTGGATACACATACTATGCAGACTCCGTGAAGGGCCGATTCACCATCTCCAGAGAC
AACGCCAAGAACACGCTGTATCTGCAAATGAACAGCCTGAAACCGGAGGACACGGCCC
GATACTACTGTGCGAAGACCTACTCCGGTAATTACTATAGCAACTACACGGTTGCCAACTA
TGGCACCACGGGCCGGGGGACCCTGGTCACAGTCTCCTCCGGTGGATGTTCTAGAATGC
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AGTTAACCCCTACATTCTACGACAATAGCTGTCCCAACGTGTCCAACATCGTTCGCGACA
CAATCGTCAACGAGCTCAGATCCGATCCCAGGATCGCTGCTTCAATATTACGTCTGCACTT
CCATGACTGCTTCGTGAATGGTTGCGACGCTAGCATATTACTGGACAACACCACCAGTTT
CCGCACTGAAAAGGATGCATTCGGGAACGCTAACAGCGCCAGGGGCTTTCCAGTGATCG
ATCGCATGAAGGCTGCCGTTGAGTCAGCATGCCCACGAACAGTCAGTTGTGCAGACCTG
CTGACTATAGCTGCGCAACAGAGCGTGACTCTTGCAGGCGGACCGTCCTGGAGAGTGCC
GCTCGGTCGACGTGACTCCCTACAGGCATTCCTAGATCTGGCCAACGCCAACTTGCCTGC
TCCATTCTTCACCCTGCCCCAGCTGAAGGATAGCTTTAGAAACGTGGGTCTGAATCGCTC
GAGTGACCTTGTGGCTCTGTCCGGAGGACACACATTTGGAAAGAACCAGTGTAGGTTCA
TCATGGATAGGCTCTACAATTTCAGCAACACTGGGTTACCTGACCCCACGCTGAACACTA
CGTATCTCCAGACACTGAGAGGCTTGTGCCCACTGAATGGCAACCTCAGTGCACTAGTGG
ACTTTGATCTGCGGACCCCAACCATCTTCGATAACAAGTACTATGTGAATCTAGAGGAGC
AGAAAGGCCTGATACAGAGTGATCAAGAACTGTTTAGCAGTCCAAACGCCACTGACACC
ATCCCACTGGTGAGAAGTTTTGCTAACTCTACTCAAACCTTCTTTAACGCCTTCGTGGAA
GCCATGGACCGTATGGGTAACATTACCCCTCTGACGGGTACCCAAGGCCAGATTCGTCTG
AACTGCAGAGTGGTCAACAGCAACTCTGGCGCTGAGCACGAATTTCGAGGAGGGCCCG
AACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATC
ATTGA

7.1.10 Nb anti rabbit IgG Fc-HRP

ATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGT
GACGCGGCCCAGCCGGCCCAGGTGCAATTGGTAGAGTCTGGGGGAGGCTTGGTGCAGGC
TGGTGACTCTCTGCGACTCTCCTGTGTAGCCTCTGGGCGCTCCTTGGATGGGGCCACCAT
GCGCTGGTACCGCCAGGCTCCAGGGAAGGAGCGAGAATTTGTTGCAGGCATTTTTTGGG
ATGAGATTGGTACGGAATATGCAGACACTGCGAAGGGCCGATTCACCATCTCCAGAGACA
ATGCCAAGAACACGATATATCTACAAATGACCAACCTGAGGTCCGAAGACACGGCCATGT
ATTATTGTAATGGATTAGTATTCGGGGGTGAATACTGGGGACAGGGGACCCAGGTCACAG
TCTCCTCCGGTGGATGTTCTAGAATGCAGTTAACCCCTACATTCTACGACAATAGCTGTCC
CAACGTGTCCAACATCGTTCGCGACACAATCGTCAACGAGCTCAGATCCGATCCCAGGAT
CGCTGCTTCAATATTACGTCTGCACTTCCATGACTGCTTCGTGAATGGTTGCGACGCTAGC
ATATTACTGGACAACACCACCAGTTTCCGCACTGAAAAGGATGCATTCGGGAACGCTAAC
AGCGCCAGGGGCTTTCCAGTGATCGATCGCATGAAGGCTGCCGTTGAGTCAGCATGCCC
ACGAACAGTCAGTTGTGCAGACCTGCTGACTATAGCTGCGCAACAGAGCGTGACTCTTG
CAGGCGGACCGTCCTGGAGAGTGCCGCTCGGTCGACGTGACTCCCTACAGGCATTCCTA
GATCTGGCCAACGCCAACTTGCCTGCTCCATTCTTCACCCTGCCCCAGCTGAAGGATAGC
TTTAGAAACGTGGGTCTGAATCGCTCGAGTGACCTTGTGGCTCTGTCCGGAGGACACAC
ATTTGGAAAGAACCAGTGTAGGTTCATCATGGATAGGCTCTACAATTTCAGCAACACTGG
GTTACCTGACCCCACGCTGAACACTACGTATCTCCAGACACTGAGAGGCTTGTGCCCACT
GAATGGCAACCTCAGTGCACTAGTGGACTTTGATCTGCGGACCCCAACCATCTTCGATAA
CAAGTACTATGTGAATCTAGAGGAGCAGAAAGGCCTGATACAGAGTGATCAAGAACTGT
TTAGCAGTCCAAACGCCACTGACACCATCCCACTGGTGAGAAGTTTTGCTAACTCTACTC
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AAACCTTCTTTAACGCCTTCGTGGAAGCCATGGACCGTATGGGTAACATTACCCCTCTGA
CGGGTACCCAAGGCCAGATTCGTCTGAACTGCAGAGTGGTCAACAGCAACTCTGGCGCT
GAGCACGAATTTCGAGGAGGGCCCGAACAAAAACTCATCTCAGAAGAGGATCTGAATAG
CGCCGTCGACCATCATCATCATCATCATTGA

7.2 Supplementary figures
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Supplementary Figure 1 Nbs anti-IgG-SNAP fusion proteins enrichment. (a) Enrichment of Nb anti-mouse [gG1
Fab-SNAP. (b) Enrichment of Nb anti-mouse IgG2a Fc-SNAP. (c) Enrichment of Nb anti-mouse kappa chain-SNAP.
(d) Enrichment of Nb anti-rabbit IgG Fc-SNAP. All fractions were collected during enrichment, and conjugated to
SNAP-Surface® Alexa Fluor® 488 followed SDS-PAGE running. The SDS-PAGE gels were subsequently stained
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with Coomassie brilliant blue. SDS gel was imaged by ChemiDoc XRS+ System. M: Blue prestained protein standard
broad range (11-250 kDa). S: filtered supernatant. F: flowthrough. E1: protein eluted in 10 mM imidazole. E2: protein
eluted in 40 mM imidazole. E3 and E4: protein eluted in 250 mM imidazole.
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Supplementary Figure 2 Nbs anti-IgG-HRP fusion proteins enrichment. (a) Enrichment of Nb anti-mouse 1gG1
Fab-HRP. (b) Enrichment of Nb anti-mouse IgG2a Fc-HRP. (¢) Enrichment of Nb anti-mouse kappa chain-HRP. (d)
Enrichment of Nb anti-rabbit IgG Fc-HRP. All fractions were collected during enrichment, after running SDS-PAGE,
the gel was stained with Coomassie brilliant blue, then imaged by ChemiDoc XRS+ System. M: Blue prestained
protein standard broad range (17-250 kDa). S: filtered supernatant. F: flowthrough. E1: protein eluted in 10 mM
imidazole. E2: protein eluted in 40 mM imidazole. E3 and E4: protein eluted in 250 mM imidazole.

CD20-647 CD31-750
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secondary antibody
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Supplementary Figure 3 The setting of TSA-based mIF on Axio Scan.Z1 slide scanner. ERa  (yellow, 430
channel) ,aSMA (green, 488 channel) , PR (orange, 546 channel), CD20 (red, 647 channel) and CD31 (magenta,

750 channel). ERa: estrogen receptor alpha; aSMA: alpha smooth muscle actin; PR: progesterone receptor.
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Supplementary Figure 4 The expression of Nbs anti-IgG-SNAP fusion proteins in the supernatant. The
supernatants from transfected HEK293T cells of Nbs anti-IgG-SNAP were conjugated to SNAP-Surface® Alexa
Fluor® 488 followed SDS-PAGE running. SDS gel was imaged by ChemiDoc XRS+ System. M: Blue prestained
protein standard broad range (11-250 kDa). Lanel: The supernatant of Nb anti-mouse IgG1 Fab-SNAP. Lane 2: The
supernatant of Nb anti-mouse IgG1 Fc-SNAP. Lane 3: The supernatant of Nb anti-mouse IgG2a Fc-SNAP. Lane 4:
The supernatant of Nb anti-mouse kappa chain-SNAP. Lane 5: The supernatant of Nb anti-rabbit IgG Fc-SNAP.
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Abbreviations

Ig
Nb
BG
HRP
WB
TSA
mlF
ELISA
IF
ICC
IHC
IP
MW
VH
CH
VL
CL
FAE
Fab
Fe
CDR
FR
mADb
pAb
HCAb

scFv

Immunoglobulin

Nanobody

Benzylguanine

Horseradish peroxidase
Western blot

Tyramide signal amplification
Multiplex immunofluorescence
Enzyme-linked immunosorbent assay
Immunofluorescence
Immunocytochemistry
Immunohistochemistry
Immunoprecipitation
Molecular weight

Variable heavy chain

Constant heavy chain

Variable light chain

Constant light chain

Fab-arm exchange

Fragment of antigen binding
Fragment crystallizable
Complementarity-determining region
Frame region

Monoclonal antibody
Polyclonal antibody

Heavy chain antibody

Single-chain variable fragment
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Fv
VHH
IgNAR
PCR
SPR
PTM
CHO
HEK
His
IMAC
FP
GFP
POI
NHS
hAGT
TMR
STED
FRET
CARD
ABC
FFPE
TME
EGFR
HER-2
PR
ERa
GAPDH
NG2

Variable fragment

Variable domain of the heavy chain of heavy-chain antibody
Immunoglobulin new antigen receptor
Polymerase chain reaction

Surface plasmon resonance
Post-translational modification

Chinese hamster ovary

Human embryonic kidney

Histidine

Immobilized metal affinity chromatography
Fluorescent protein

Green fluorescent protein

Protein of interest

N-hydroxysuccinimide

Human repair protein O6-alkylguanine-DNA alkyltransferase
Tetramethylrhodamine

Simulated emission depletion

Fluorescence resonance energy transfer
Catalytic reporter deposit

Avidin-biotin complex

Formalin-fixed paraffin-embedded

Tumor microenvironment

Epidermal growth factor receptor

Human epidermal growth factor receptor 2
Progesterone receptor

Estrogen receptor alpha
Glyceraldehyde-3-phosphate

Nerve/glial-antigen 2
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FOLRI1
EpCAM
CTNNBI1
ANK3
aSMA
FBS
NEAA
SDS-PAGE
BSA
PVDF
DAPI
HIER
IRES
EGFP
CMV
IFA
cPPT/CST
RRE
AmpR
EmGFP
LTR
TME
TIME
TMA
HIER

cDNA

Folate receptor alpha

Epithelial cell adhesion molecule
beta Catenin 1

Ankyrin 3

o Smooth Muscle Actin

Fetal calf serum

Non-essential amino acids

sodium dodecyl-sulfate polyacrylamide gel electrophoresis
Bovine serum albumin
Polyvinylidene difluoride

4’ ,6-Diamidino-2-phenylindole
Heat-induced epitope retrieval
Internal ribosome entry site
Enhanced green fluorescent protein
Cytomegalovirus

Indirect immunofluorescence assay
Central polypurine tract and central termination sequence
Rev response element

Ampicillin resistance

Emerald green fluorescent protein
Long terminal repeat

Tumor microenvironment

Tumor immune microenvironment
Tissue microarray

Heat-induced epitope retrieval

Complementary DNA
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