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Note: In this list, "#" denotes a variable number (e.g., Tu1, Tu2).
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INTRODUCTION

Allergic diseases have emerged as a major public health concern, with
their prevalence steadily rising over recent decades (Shin et al. 2023). Rapid
urbanization, industrialization, and lifestyle changes have been implicated in
allergy development, acting through increased exposure to pollutants, altered
dietary habits, and reduced microbial diversity (Shin et al. 2023; Q Zhang et al.
2025; Kirjavainen et al. 2019). These environmental influences shape immune
development and may help explain the growing burden of allergic disorders
worldwide. Most clinically relevant allergic diseases involve inappropriate
immune recognition of otherwise harmless environmental or food-derived

antigens.

IgE-mediated allergy is a type I hypersensitivity reaction with a type 2
immune response, characterized by the involvement of allergen-specific IgE
and T helper 2 cells that recognize allergen-derived antigens. Allergic inflam-
mation can manifest in diverse ways, from rhinitis and urticaria to anaphylaxis
(Renz et al. 2018; Anvari et al. 2019).

At the molecular level, only a small amount of the proteome act as aller-
gens. Their allergenic potential arises not from a single defining property
but from a complex interplay of abundance, structural stability, biochemical
modifications, and the context of exposure (Costa et al. 2022). Yet, considerable
variability exists even within closely related protein families, underscoring
that additional factors, such as three-dimensional structure, epitope accessi-
bility, and host-specific responses, may contribute to sensitization (Lukacs
and Hogan 2025). Posttranslational modifications, particularly glycosylation,
further complicate allergenicity by modulating IgE binding and enabling cross-
reactivity. Additionally, common food-processing methods, including heating
or pasteurization, can drastically alter antigenicity (Zeng et al. 2025). Together,
these findings highlight that understanding the determinants of allergenicity

remains one of the central challenges of molecular allergology.

This complexity is directly reflected in the field of allergy diagnostics,
where distinguishing clinically relevant sensitization from cross-reactivity
remains an ongoing challenge. Historically, allergen extracts derived from
natural sources were used to diagnose and treat allergic diseases. However,

their variability, instability, lack of standardization, and contamination with
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non-allergenic components limited their accuracy and safety (Zimmer et al.
2021). Recombinant allergens have revolutionized the field of allergology
by enabling a more consistent and precise approach to allergy diagnostics.
They facilitate the identification of specific allergens responsible for aller-
gic reactions, a process termed component-resolved diagnosis, which allows
clinicians to distinguish between genuine sensitization and cross-reactivity,
refine risk assessment, and provide more personalized therapeutic strategies
(Sanchez-Borges et al. 2018).

Despite these advances, major challenges remain. Allergies can be man-
aged either by avoidance, self-medication or by allergen immunotherapy.
Allergen immunotherapy is a form of therapeutic vaccination that aims to
develop functional immune system tolerance towards allergens (Durham and
Shamji 2023). However, the process is lengthy, not universally effective, and
still relies largely on crude allergen extracts. Next-generation strategies, includ-
ing recombinant allergens, engineered hypoallergens, and emerging peptide-
or nucleic acid-based vaccines hold promise for safer and more effective in-
terventions (Zemelka-Wiacek et al. 2024). However, their success ultimately
depends on precise molecular characterization and robust biotechnological
production platforms capable of generating clinically relevant proteins.

Selecting an expression system for recombinant allergens requires careful
consideration of factors such as posttranslational modifications, structural
complexity needed to preserve conformational epitopes, and protein solubility.
Practical constraints, including production time, efficiency, and regulatory
compliance for therapeutic applications, must also be addressed (M Liu et al.
2025). Advancing our understanding of allergen expression in suitable recom-
binant systems is therefore crucial for both diagnostics and the development

of next-generation therapeutic approaches.
The aim of this research

To produce and characterize recombinant black tiger shrimp Penaeus mon-
odon Pen m 4, dog Canis familiaris Can f 6, and yellow jacket Vespula vulgaris
Ves v 5 allergens in Pichia pastoris while assessing this system’s suitability for
generating diagnostic-grade allergens.

Work objectives

1. To compare Saccharomyces cerevisiae and P. pastoris expression systems

for recombinant allergen protein production.
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2. To synthesize Pen m 4 and Can f 6 allergens as native and fused to
the maltose-binding protein (MBP) in E. coli and P. pastoris expression

systems.

3. To characterize IgE-binding reactivity of all recombinant allergen vari-

ants using sera from allergic patients.

4. To compare IgE reactivity between E. coli- and P. pastoris-produced

allergens to assess the importance of posttranslational modifications.

5. To validate the optimized P. pastoris production workflow using Ves v 5
as a model insect venom allergen and evaluate diagnostic performance

across all produced allergens.

Relevance and scientific novelty

This study represents the first systematic evaluation of Pen m 4 and Can f 6
allergen production in P. pastoris, providing comparative data against the tradi-
tional E. coli system. Protein expression was enhanced using maltose-binding
protein (MBP) fusion, an established strategy in E. coli but rarely investigated
in P. pastoris. Here, MBP improved recombinant allergen production with-
out compromising downstream diagnostic use, as MBP does not bind IgE
antibodies. System performance was further validated with Ves v 5, which
demonstrated high-yields and system-dependent effects on antigenicity. This
confirmed the adaptability of the created workflow for the production of re-
combinant allergens. Mechanistically, the work revealed proteolytic cleavage
occurring downstream of the MBP domain, consistent with earlier reports,
and, to our knowledge, novel N-terminal cleavage of MBP fusion protein in
P. pastoris. These findings highlight important considerations for MBP fu-
sion protein design in P. pastoris. In addition, P. pastoris-produced Pen m 4
was found to form unusually stable dimers resistant to chemical and thermal
denaturation while maintaining IgE reactivity — a glycosylation-modulated
behavior seen only in two other cases (Z Li et al. 2010; AK Walker et al. 2013).

Clinically, this research addresses gaps in allergy diagnostics. Commercial
shrimp tests rely predominantly on tropomyosin (Pen m 1), a panallergen
with extensive cross-reactivity that causes false-positive results, while dog
allergy diagnostics suffer from extract variability and incomplete allergen
representation. By producing and characterizing Pen m 4 and Can f 6, allergens
known to cause monosensitization and define distinct patient subpopulations,
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this work provides new molecular tools for component-resolved diagnostics.
The created workflow is also beneficial to known clinically important major
allergens like the yellow jacket venom allergen Ves v 5, by creating a high-
yield, high-quality production tool. The study also identified key variables
that affect diagnostic reliability: EDTA, a common anticoagulant in clinical
blood collection, reduced IgE reactivity to Pen m 4 by 61-73% through calcium
chelation; and lyophilization was found to degrade both Pen m 4 and Can f 6,
explaining their instability in commercial extracts. Collectively, these findings
establish evidence-based protocols for recombinant allergen production and
highlight critical preanalytical and stability factors that must be controlled to
ensure diagnostic accuracy.

Defending statements

1. P. pastoris PichiaPink™ expression system can be used to produce re-
combinant allergens that retain proper folding structure required for

IgFE recognition, and are suitable for use in in vitro diagnostic systems.

2. MBP fusion enhances allergen yield in P. pastoris without compromising
diagnostic functionality.

3. N-terminal proteolytic processing in P. pastoris MBP-fusion constructs
represent a previously undocumented susceptibility to proteolysis, pro-
viding new insights for fusion protein design in P. pastoris systems.

4. Standard preanalytical practices, from EDTA anticoagulant use in blood
collection to lyophilization-based allergen preservation, can introduce
unrecognized variables significantly affecting diagnostic sensitivity and
specificity in component-resolved allergy testing.

5. P. pastoris-derived glycosylation modifications can induce significant
structural changes in recombinant allergens, including enhanced protein
stability, while preserving immunological functionality for diagnostic
applications.
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1. LITERATURE REVIEW

1.1. Immune and non-immune mediated adverse reactions
to food

An allergy is an inappropriate immune response to otherwise harmless
environmental, food-derived, or venom-derived antigens. These antigens,
termed allergens, can induce sensitization and trigger recurrent inflammatory
reactions upon subsequent exposure (Galli, Tsai, and Piliponsky 2008). De-
pending on the underlying immune mechanism, allergic reactions may involve
IgE antibodies, cellular immune responses, or a combination of both, resulting
in clinical manifestations ranging from mild local symptoms to systemic ana-
phylaxis. The literature review first introduces allergic disease in the broader
context of adverse reactions and then narrows to IgE-mediated mechanisms.

"Adverse food reactions" (AFR) affect up to 20-30% of the population in de-
veloped countries, with nearly half of these remaining undiagnosed (Onyimba
et al. 2021; Mazur et al. 2022). Symptoms range from mild to severe, sub-
stantially reducing quality of life and imposing a considerable socioeconomic
burden (Zuberbier et al. 2014). These reactions comprise abnormal clinical
responses following ingestion of specific food or food components, classified
according to their pathophysiological mechanisms into two primary categories:
non-immune mediated food intolerances and immune-mediated hypersen-
sitivities (Fig. 1.1). Despite their clinical similarities, accurate distinction is
essential for appropriate management, as immune-mediated reactions can
trigger severe systemic responses from trace exposures, while non-immune
intolerances typically demonstrate dose-dependency and variable severity
(Cianferoni and Spergel 2009; Onyimba et al. 2021).

Non-immune mediated food intolerances arise from pharmacologic, tox-
icological, or host-specific factors that impair normal food processing. The
most prevalent example, lactose intolerance, results from reduced intestinal
lactase activity, leading to malabsorption of milk disaccharides. This produces
dose-dependent gastrointestinal symptoms (diarrhea, bloating, abdominal
pain) that may clinically resemble milk allergy but permit consumption of
lactose-free dairy products (Walsh et al. 2016). Similarly, non-celiac wheat
sensitivity elicits short-term bloating and abdominal pain following gluten

ingestion, which can be alleviated by a low-gluten diet rather than complete
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elimination (Onyimba et al. 2021). These conditions illustrate the characteristic
features of food intolerances: threshold doses for symptom onset, day-to-day
variability, and management through reduction rather than avoidance (Nelson
and Ogden 2008).

In contrast to the dose-dependent, variable nature of food intolerances,
immune-mediated AFR involves specific immunological mechanisms that
can be triggered by trace amounts of otherwise harmless antigens, produc-
ing reproducible and potentially life-threatening responses. These immune-
mediated reactions are classified into four subcategories: IgE-mediated, non-
IgE-mediated, mixed IgE/cellular, and cell-mediated hypersensitivities. Each
category demonstrates distinct pathophysiology, clinical manifestations, and
diagnostic approaches, necessitating different management strategies (Anvari
et al. 2019; Renz et al. 2018).

ADVERSE FOOD REACTIONS

|
[ |

Immune mediated Non-immune mediated
(Hypersensitivity) (Intolerance)
IgE mediated ! l

Eg. urticaria, rhi-

nitis, anaphylaxis <« Food characteristics Host characteristics

F{\IO%'I%E mediated Pharmacological | Food aversion disorders
g. Celiac - > imi
disease, FPIES ] g fggliltlﬁr’es “& b1}1)1;1m1'a1 —
Cell mediated T —— ysiofogica
. giea » Eg. bloating from bran
f'g‘ aglerglc con- || > Eg. bacterial, pre- & & i
act dermatitis formed toxins Metabolic
Mixed » Eg. lactose intolerance

Eg. Atopic
dermatitis, EGID [<

Figure 1.1: Classification of adverse food reactions. Adapted and modified
from Anvari et al. 2019 and Onyimba et al. 2021. Made with Diagrams.net (see
2.4).

IgE-mediated food allergies, representing type I immediate hypersensi-
tivity reactions, constitute the most clinically relevant subset of AFR. They
involve an exaggerated immune response characterized by allergen-specific
IgE (sIgE) antibodies bound to mast cells and basophils. Upon re-exposure,
cross-linking of these antibodies triggers rapid degranulation, releasing in-
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flammatory mediators that produce symptoms ranging from urticaria and
rhinitis to life-threatening anaphylaxis within minutes to hours of ingestion
(Anvari et al. 2019). The immediate onset and potential severity necessitate
strict avoidance of all forms of the offending food, including products with

precautionary ("may contain") labeling.

Non-IgE-mediated food allergies comprise a heterogeneous group of dis-
orders primarily affecting the gastrointestinal tract through cellular immune
mechanisms. These include allergic proctocolitis, the most common form
presenting as mild rectal bleeding in infants; food protein-induced entero-
colitis syndrome (FPIES), which can cause severe vomiting and hypovolemic
shock; and celiac disease, an autoimmune enteropathy triggered by gluten, that
activates gluten-specific CD4+ T cells, leading to cytokine-driven cytotoxic
T-cell destruction of intestinal epithelial cells (Connors et al. 2018; Berin 2015).
Unlike IgE-mediated reactions, these conditions typically manifest hours to
weeks after ingestion and lack reliable biomarkers, requiring diagnosis through
elimination diets, oral food challenges, medical history, endoscopy, and biopsy
findings (Nowak-Wegrzyn et al. 2015).

Mixed mechanism disorders demonstrate IgE and cellular immunity fea-
tures, as observed in conditions such as eosinophilic gastrointestinal disor-
der (EGID) and atopic dermatitis (AD). EGID patients often test positive for
food-specific IgE yet rarely experience anaphylaxis, instead developing dense
eosinophilic infiltration at gastrointestinal inflammation sites (Rothenberg
2004). Similarly, in 90% of AD patients, tests show elevated IgE levels and T-cell
infiltration in skin lesions (Spergel 2006). AD is an internal skin condition
triggered by ingesting milk, eggs, soy, peanuts, or wheat. Allergic contact
dermatitis (ACD) is often confused with AD. However, ACD is a pure cell-
mediated condition, caused by low-molecular-weight haptens, which require
binding to proteins capable of associating with major histocompatibility com-
plex (MHC) class I molecules. These haptens can be found in certain foods
(oleosins in fruits, vegetables, spices) and metals (nickel, cobalt, chromium).
Cell-mediated reactions occur through T-cell sensitization without IgE involve-
ment, manifesting as delayed skin reactions upon direct contact (Kostner et al.
2017).

While a comprehensive understanding of all AFR mechanisms remains
clinically significant, the increasing prevalence, severity, and socioeconomic
impact of IgE-mediated allergies have driven substantial research into im-

proved diagnostics and therapeutics (Mazur et al. 2022). This literature review,
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therefore, concentrates on IgE-mediated allergic mechanisms, examining al-
lergy pathophysiology, epidemiology, risk factors, allergen characterization,
current diagnostic capabilities, and therapeutics. Through detailed analysis of
several molecular allergology adaptations, this work aims to contribute to the

improved understanding and management of these allergies.

1.2. IgE-mediated allergy: mechanism and pathophysiology

Food allergies were documented as early as 2700 BC by Chinese emperors;
however, a definitive link between food allergens and antibodies was not
established until the 1920s (Lukacs and Hogan 2025). The Prausnitz-Kiistner
experiment was a pivotal study demonstrating that immediate-type hypersen-
sitivity reactions could be transferred via serum. In this experiment, Heinz
Kiistner, who exhibited systemic allergic responses to cooked fish, provided
his serum to Carl Prausnitz, who then injected this serum intracutaneously
into his skin. Twenty-four hours later, a classic wheal-and-flare reaction was
observed upon challenge with boiled fish extract at the same site. This ex-
periment provided the first empirical evidence linking allergic reactions to a
circulating, serum-derived factor, establishing a foundation for the modern
understanding of IgE-mediated hypersensitivity (Lukacs and Hogan 2025).

IgE-mediated allergy (hereinafter referred to as "allergy”) is a type I hy-
persensitivity reaction with a type 2 immune response, characterized by the
involvement of allergen-specific IgE and T helper 2 (Ty2) cells that recog-
nize allergen-derived antigens. Allergy development is impacted by many
different factors: genetic predisposition, allergen type, frequency and/or route
of exposure, environmental allergen concentration, whether first contact is
made with other immunomodulating agents, and so on (Renz et al. 2018; Shi
et al. 2025). However, the mechanisms by which immune cells, involved in
type 2 immune reactions, recognize a wide array of unrelated allergens, is
unclear. To define allergy and its triggers, the molecular drive inducing type 2
inflammation needs to be understood (Lambrecht 2025; Shi et al. 2025).

1.2.1 Sensitization

The first contact with an allergen is called sensitization, which reflects the
allergen’s ability to induce a T2 cell response, in which IL-4, IL-5, and IL-13
cytokines drive IgE production by promoting immunoglobulin class-switch
recombination in B cells (Galli, Tsai, and Piliponsky 2008). This process be-
gins when an allergen breaches the epithelial barrier, coming into contact

18



with professional antigen-presenting cells (APC). APCs, such as dendritic
cells (DC), macrophages, and B cells, are located at environmental interfaces,
including the epithelial barrier, mucous membrane, digestive system, and
respiratory tract. DCs are the most effective APCs, capable of activating naive
T cells and initiating the T cell response. Immature DCs capture allergens
via three primary mechanisms: 1) receptor-mediated endocytosis, 2) constitu-
tive macropinocytosis, and 3) phagocytosis (Lambrecht 2001; Hammad and
Lambrecht 2008).

Receptor-mediated endocytosis occurs via C-type lectin receptors such
as langerin, DC-SIGN (dendritic cell-specific intercellular adhesion molecule
3-grabbing non-integrin), dectin (dendritic cell-associated C-type lectin-1),
macrophage mannose receptor, and carbohydrate receptor DEC-205 (dendritic
endocytic receptor-205 kDa) (Lambrecht 2001; K Peters and M Peters 2021).
Studies have shown that these C-type lectin receptors interact with various
allergens — for example, allergenic pollen starch granules via C-type lectin
and integrin receptors (Currie et al. 2000), and glycoproteins in allergenic
foods via the DC-SIGN receptor (Kamalakannan et al. 2016), among others.
Investigation of DC receptor-mediated endocytosis for specific allergens may
provide a means to modulate the inflammatory response associated with

allergies.

Constitutive macropinocytosis, also known as fluid-phase endocytosis,
is a non-specific receptor-ligand-independent endocytosis characterized by
plasma membrane ruffling, leading to the internalization of extracellular fluid
(Lin et al. 2018). Allergens such as birch allergen Bet v 1 and grass allergen
Phl p 1 have been shown to be internalized primarily via macropinocytosis
(Noirey et al. 2000).

Immature DCs also use phagocytosis for the capture of antigenic particles
such as latex beads, apoptotic and necrotic cell fragments, viruses, bacteria,
and intracellular parasites (Thery and Amigorena 2001). Unlike the previously
described uptake mechanisms, phagocytosis not only enables APCs to pro-
cess and present allergen-derived peptides but also serves to remove cellular
debris and pathogens. Consequently, it remains unclear whether an increase
of phagocytic activity would reduce inflammation by removing allergenic
proteins or increase it by promoting antigen presentation (Poole et al. 2009).

The allergens taken up by any of the three mechanisms accumulate in
the endocytic compartment. Internalization of the allergen (antigen) triggers
the DCs’ maturation process, characterized by functional changes (increased
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synthesis of T cell stimulating molecules) and cell migration from peripheral
tissues to secondary lymphoid organs (Thery and Amigorena 2001). DCs
process the internalized allergens during maturation into short peptides within
endosomal and lysosomal vesicles. In parallel, biosynthesis of MHC II class
molecules in the endoplasmic reticulum (ER) increases, and their transport
to the endosomes can be seen. Processed peptides associate with MHC 1I
molecules following fusion of the vesicular transport pathway, which carries
newly synthesized MHC II molecules, and the lysosomal degradation pathway,
which carries proteolyzed proteins. This peptide-MHC II complex is then
transported to the cell surface, a process directly induced by DC maturation.
Immature DCs retain most MHC II molecules within late endosomal and
lysosomal compartments. In contrast, mature DCs display nearly all MHC II
class molecules on the cell surface (Lambrecht 2001; Murray et al. 2013).

Antigen presentation to naive T cells occurs in secondary lymphoid organs,
which include lymph nodes, spleen, and mucosa-associated lymphoid tissue.
Activation of the antigen-specific T cell response requires coordinated cytokine
and cell-to-cell receptor interactions initiated by the T cell receptor complex
(TCR) and the MHC II-antigen complex (Fig. 1.2).
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Figure 1.2: Activation of CD4+ T cells. CD4+ T cell TCR interaction with APC
MHC II class molecule in complex with the antigen supported by the interac-
tion of adhesion and inhibition/co-activation co-stimulatory molecules. Ag,
Antigen; CTLA4, cytotoxic T lymphocyte A4; ICAM-1, intercellular adhesion
molecule-1; LFA-1/3, lymphocyte function-associated antigen-1/3. Adapted
from Murray et al. 2013.
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Antigen recognition by TCR is stabilized by linking adhesion molecules
on the APC and the T cell. This stabilization is needed because TCR and MHC
II-antigen complex interaction often has low affinity. Adhesion molecules
lengthen the interaction time, allowing for T cell activation. T cell CD2 and
LFA-1 (lymphocyte function-associated antigen 1) adhesion receptors bond
with the APC ligands LFA-3 and ICAM-1 (intercellular adhesion molecule-1),
respectively. Activation also depends on the co-stimulatory signal mediated by
the binding of CD80/86 ligand on the APCs to the CD28 receptor on the T cells
(Murray et al. 2013). This activation is regulated by the inhibitory receptor
CTLA-4 (cytotoxic T lymphocyte antigen 4), which directly antagonizes CD28
signaling by binding CD80/86 ligands with much greater affinity. However,
when APCs express a sufficient amount of CD80/86 ligands, they can bind to
both CTLA-4 and CD28 (Magee et al. 2012).

Naive CD4+ T cells can differentiate into at least four types of TH cells:
Tul, T2, T17, and regulatory T cells (Teg). Differentiation into T2 cells
requires an early source of IL-4, which can be provided by basophils (Sokol et al.
2008). Other potential sources include mast cells, eosinophils, natural killer T
cells, and T cells. T cell differentiation is also regulated by T cell receptor Notch
and APC ligand Jagged interaction, which promotes GATA3 (GATA-binding
protein 3) expression. GATAS3 is essential for Ty2 cell differentiation. Another
regulating factor is the TCR signal strength. Weak TCR signaling favors Ty2
cell differentiation, whereas strong TCR signaling results in Ty1 cells (Galli,
Grimbaldeston, et al. 2008; Paul and Zhu 2010).

Allergen-derived antigens induce a Tyy2 cell phenotype. These CD4+ T
cell effectors produce various cytokines, including IL-4, IL-5, IL-9, IL-13, and
IL-25, which recruit and activate other immune cells at the inflammation site.
In IgE-mediated allergy, the principal role of T2 effectors is the regulation of
B cell class switch recombination through the production of IL-4 and IL-13
in conjunction with CD40-CD40L interactions (Paul and Zhu 2010). B cells
subsequently produce both allergen-specific and nonspecific IgE. These IgE
molecules diffuse locally into lymphatic vessels and enter the bloodstream
(Galli, Tsai, and Piliponsky 2008).

Discovered in 1968 as the last of the five classes of human antibodies, IgE
is now commonly associated with parasitic infestations and allergic diseases
(Stanworth 1993). The two principal receptors for IgE are the high-affinity
receptor FceRI and the low-affinity receptor CD23 (also known as FceRII).
FceRl is expressed as an a5y2 tetramer on mast cells and basophils, and as an
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ay2 trimer on APCs, monocytes, eosinophils, platelets, and smooth-muscle
cells (Fig. 1.3a). CD23 is a C-type lectin receptor, which, in its membrane-
bound form, has three lectin domains "heads" (Fig. 1.3b). Although considered
a low-affinity IgE receptor, the avidity effect achieved by the three lectin
receptors together can reach the high-affinity of the FceRI receptor (Gould
and Sutton 2008; Okayama et al. 2020). Interestingly, while Fig. 1.3b shows the
schematic representation of membrane-bound CD23, this receptor can also be
found in soluble monomeric or oligomeric forms. The coiled-coil stalk region
of CD23 is susceptible not only to endogenous proteases, like ADAM10, but
also exogenous, like the allergenic dust mite protease Der p 1 (Dhaliwal et al.
2017).

_ ()

IgE
IgE

CD23

FceRI

Figure 1.3: The structure of the (a) FceRI (tetramer) a-chain and (b) CD23
receptors in complex with IgE. Monomeric IgE consists of two identical heavy
chains (H- ¢ chains) and two identical light chains (L). IgE heavy e-chains
contain four Ig-like constant domains (Ce1-Ce4). IgE binds to the receptors
through the (Ce3), domain of the Fc region. (a) Tetrameric FceRI consists of
the IgE binding a-chain and a 3-chain and two y-chains with immunoreceptor
tyrosine-based activation motifs (ITAM) for signal transduction. (b) Membrane-
bound CD23 is a trimeric type II membrane protein comprising c-helical
coiled-coil stalk formed by three a-helices, topped by three C-type lectin
"Head" domains. The C-terminal ends ("tails") extend extracellularly, while the
N-terminal ends are cytoplasmic. Three N-glycosylation sites near the base of
the coiled-coil stalk are also shown. Adapted from Okayama et al. 2020, figure
modified with Inkscape (see 2.4).
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B cells produce allergen-specific and nonspecific IgE that bind to FceRI,
CD23, and other receptors through the (Ce3), domain of its Fc region. Binding
of allergen-specific IgE to FceRI sensitizes mast cells and other effector cells,
priming them to release mediators upon re-exposure to the target allergen
(Gould and Sutton 2008; Galli and Tsai 2012). The sensitization process (Fig.
1.4) does not induce allergy symptoms; it only prepares the immune system to
react upon subsequent encounters. The following step in the allergic response
is the development of allergic inflammation, which is divided into three phases.
The early-phase occurs within minutes of re-exposure to the allergen, and
transitions after several hours into the late-phase reaction. Repeated allergen
exposure can lead to chronic inflammation, resulting in structural changes at
the sites of inflammation (Galli, Tsai, and Piliponsky 2008).
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Figure 1.4: Sensitization to allergens. Allergens can enter the body via the respi-
ratory tract, skin lesions, digestive system, or mucous membranes. This exam-
ple illustrates respiratory tract sensitization. After crossing the epithelial bar-
rier, allergens are captured by professional APCs, predominantly DCs, which
migrate to peripheral lymphoid organs. There, DCs present allergen-derived
peptides on MHC class II molecules to naive CD4+ T cells. In the presence
of IL-4 and Notch receptor stimulation by DC-associated Jagged ligand, T
cells differentiate into Ty2 cells. Ty2 cytokines IL-4, IL-5 and IL-13, and co-
stimulatory signals (CD28 ligand with the CD80/CD86 receptor, CD40 ligand
with the CD40 receptor) drive B cell class switching to IgE production. IgE
enters the bloodstream via lymphatic vessels and binds to FceRI on mast cells,
sensitizing them to the specific allergen. Adapted from Galli, Tsai, and Pilipon-
sky 2008.
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1.2.2 Early- and late-phase reactions

Early-phase reactions begin with allergen-mediated cross-linking of allergen-
specific IgE bound to the surface of mast cells via FceRI. This type I imme-
diate hypersensitivity reaction occurs within seconds to minutes of allergen
re-exposure (Galli, Tsai, and Piliponsky 2008). Cross-linking of adjacent IgE
molecules through multivalent or bivalent allergen epitopes induces FceRI
aggregation, initiating a phosphorylation-driven signaling cascade. Aggre-
gation of tetrameric FceRI on mast cells and basophils triggers anaphylactic
degranulation - a rapid form of regulated secretion resulting in the coordi-
nated release of three classes of biologically active molecules: 1) pre-formed
mediators stored in cytoplasmic granules, 2) lipid-derived mediators, and 3)
newly synthesized cytokines, chemokines, and growth factors (Fig. 1.5a) (Dvo-
rak 2005). In contrast, aggregation of trimeric FceRI on APCs and eosinophils
leads to enhanced allergen uptake, antigen presentation to naive T cells, and
up-regulated proinflammatory cytokine production (Fig. 1.5b) (Kraft and Kinet
2007).

Early-phase reactions are mainly mediated by the release of preformed me-
diators by mast cells and basophils, while the actions of APCs and eosinophils
contribute to late-phase responses. Mast cells and basophils produce a similar,
but distinct spectrum of proinflammatory mediators; however, allergic inflam-
mation depends more heavily on mast cells, which is why it is the focus of
this review (Gould and Sutton 2008).

Mast-cell cytoplasmic granules store diverse preformed mediators that
drive early-phase allergic inflammation. These include vasoactive amines,
proteoglycans, proteases, and cytokines/growth factors, each contributing to
the initiation and amplification of the immune response.

Histamine is the most thoroughly characterized mediator modulating the
immune response and inflammation among the biogenic vasoactive amines
(Branco et al. 2018). Serglycin proteoglycans, bearing heparin- or chondroitin
sulfate-type glycosaminoglycan (GAG) side chains, are essential for storing
other preformed mediators in mast cell cytoplasmic granules and regulating
the enzymatic response of mast cell-specific proteases. This function is thought
to depend on the strong electrostatic interaction between the anionic GAG
side chains and the basic charge of stored mediators (Rénnberg et al. 2012).

Proteases represent another major class of mast-cell mediators. Tryptases
and chymases are serine protease family members, whereas carboxypeptidase

A is a zinc-dependent metalloprotease (Pejler et al. 2007). Chymase recruits
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(a) Tetrameric FceRI (b) Trimeric FceRI on APCs
on mast cells and basophils
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Figure 1.5: Signaling via tetrameric and trimeric FceRI after antigen engage-
ment. (a) Tetrameric FceRI, expressed on mast cells and basophils, consists of
an a-chain, -chain and two y-chains with ITAM for signaling. Cross-linking
of adjacent IgE molecules bound to tetrameric FceRI triggers, within seconds
to minutes, a signaling cascade leading to the release of pre-formed mediators
such as histamine, as well as lipid mediator synthesis. Prolonged allergen
exposure promotes late-phase reactions through the production of cytokines
and chemokines. (b) Trimeric FceRI lacks the S-chain, and is found on APCs,
eosinophils. Cross-linking induces uptake and processing of the FceRI-IgE-
bound antigen complex into the endocytic compartment. Antigen-derived
peptides are loaded onto the MHC II class molecules and presented to T cells,
activating their effector functions. FceRI cross-linking also leads to the produc-
tion of pro-inflammatory cytokines that activate other immune cells. Adapted
from Kraft and Kinet 2007, figure modified with Inkscape (see 2.4).

inflammatory cells, including neutrophils and eosinophils, and promotes ep-
ithelial barrier permeability by proteolyzing occludin and fibronectin (Ebihara
et al. 2005). Tryptase exhibits similar proinflammatory activities, although its
precise mechanisms of action remain unclear (Pejler et al. 2007). Carboxypep-
tidase A participates in innate immunity, but its role in allergic inflammation
is not well characterized (Atiakshin et al. 2022).

Mast cell cytoplasmic granules also contain preformed cytokines and
growth factors, which have immunomodulatory (e.g., influencing the biological

functions of immune cells) and effector (e.g., regulating the phenotypic output
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of structural cells) functions. Notable examples include the tumor-necrosis
factor a (TNF-qv), the CC-chemokine ligand 2 (CCL2), the vascular endothelial
growth factor A (VEGFA), and multiple interleukins (Galli, Kalesnikoff, et al.
2005). IL-4 and IL-13 are hallmark cytokines, regulating the allergic response
through Ty2 cell differentiation, B-cell class switch recombination, mast cell
proliferation, and enhanced cytokine production (McLeod et al. 2015). Another
example would be the synergetic effect of TNF-« and IL-8 in the recruitment
of neutrophils to the inflammation site (Salamon et al. 2005).

Mast cell degranulation also initiates the de novo biosynthesis of lipid
mediators through arachidonic acid metabolism via the cyclooxygenase and
lipoxygenase pathways. These newly released eicosanoids include leukotriene
LTC,4 and LTBy, prostaglandin PGDs and PGg, as well as the precursor of the
cysteinyl leukotrienes (cysLTs). Eicosanoids influence allergic inflammation
in ways similar to preformed cytokines and growth factors: they can initiate,
amplify, or attenuate the reaction and modulate its duration, magnitude, and
nature of the response. These effects are mediated through specific G-protein-
coupled receptors, expressed by bronchial smooth muscle cells, leukocytes,
neutrophils, basophils, macrophages, mast cells, and other immune and struc-
tural cells (Boyce 2007).

The broad spectrum of released preformed and de novo synthesized medi-
ators contributes to the acute signs and symptoms associated with the early-
phase reactions of the allergic inflammation response (Fig. 1.6). The clini-
cal manifestations vary according to the reaction site. However, they can
be characterized by tissue-specific effects, including vasodilation, which is
accompanied by local microvascular leakage, which is a key feature of aller-
gic diseases, resulting in increased plasma protein and neutrophil migration
(Owen-Woods et al. 2020). Vasodilation is readily observed during skin-prick
testing in individuals predisposed to allergy, where allergen injection induces
a wheal-and-flare response (Barnes 2011). Vasodilation is also followed by
increased vascular permeability, leading to tissue swelling and tears in the
eyes. Bronchoconstriction is another common manifestation, with airflow
obstruction and wheezing ranging from mild discomfort to life-threatening
suffocation (Galli, Tsai, and Piliponsky 2008). Additional symptoms include
increased mucus production (runny nose, aggravation of airflow obstruction
in the lower airways) and the stimulation of a subpopulation of nociceptors of
the sensory nerves (itching, coughing) with the initiation of the peptidergic
pathway (sneezing) (F Li et al. 2021).
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Figure 1.6: Mechanisms of the early-phase allergic reaction (e.g., airway in-
flammation). Tetrameric FceRI on the mast cell surface are bound with allergen
specific and non-specific IgE. Upon allergen recognition, FceRI aggregates and
induces degranulation. Pre-formed mediators (histamine, tryptase, chymase,
TNF-a, VEGFA, CCL2, IL-8 and other) resident in the cytoplasmic granules of
mast cells are released. Degranulation also induces the de novo biosynthesis
of lipid-mediators (PGDs, PGy, LTCy, LTB4, and PAF). The combined action
of these pro-inflammatory mediators causes bronchoconstriction, vasodila-
tion, increased vascular permeability, and mucus hypersecretion. Recruitment
and activation of other immune cells, particularly leukocytes, contributes to
progression toward the late-phase reaction. Adapted from Galli, Tsai, and
Piliponsky 2008.

Mast cells upon FeeRI crosslinking will not only release mediators through
degranulation but also begin slowly synthesizing new cytokines, chemokines,
and growth factors. These newly produced molecules contribute to the late-
phase reaction alongside the actions of mast cell recruited leukocytes, neu-
trophils, eosinophils, and other immune cells (Galli, Tsai, and Piliponsky 2008).
Allergic inflammation is further amplified by the recruitment of inflammatory
cells, the crosslinking of tetrameric and trimeric FceRI, and the induction of
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Ty2-type effector responses (Paul and Zhu 2010). These processes collectively
constitute the late-phase reaction, which typically develops within 2-6 hours
of allergen exposure and peaks around 6-9 hours. There is no clear distinc-
tion between the two phases; differences lie in the variety and quantity of
cells involved, the observed effects of prolonged stimulation by inflamma-
tory mediators, and the severity of specific symptoms (e.g., increased mucus
production, epithelial damage, spreading of hives). Late-phase reactions can
resolve without treatment in the absence of the offending allergen. For exam-
ple, this occurs at the end of the pollen season for pollen-sensitive individuals.
However, apart from this, the mechanisms that underpin the resolution of
allergic inflammation are not fully understood (Galli, Tsai, and Piliponsky
2008; Valenta, Hochwallner, et al. 2015). A more well-studied area is what

happens when there is a persistent, repetitive allergen exposure.

1.2.3 Chronic allergic inflammation

Continuous exposure to an allergen leads to chronic allergic inflammation.
Persistent inflammation in the affected area leads to structural changes and, in
many cases, to altered functions of the affected organs. Immune cell homing
remodels the local cell environment: IL-9 promotes recruitment and prolifer-
ation of FceRI-expressing mast cells, leading to mast-cell hyperplasia. High
densities of allergen-sensitized mast cells perpetuate inflammation by releasing
preformed and de novo synthesized mediators. IL-5-mediated eosinophil re-
cruitment results in tissue eosinophilia, while APC recruitment via cytokines
enhances FceRI expression and up-regulation of co-stimulatory molecules
(CD40, CD134, CD80), promoting Ty2-type differentiation and sensitization to
additional allergens or epitopes. These processes reinforce Ty2-type effector
functions in a cycle of constant amplification (Galli, Tsai, and Piliponsky 2008;
Paul and Zhu 2010; Barnes 2011; McLeod et al. 2015).

Ty2 cytokines also stimulate mucus hypersecretion, goblet-cell metaplasia,
and airway hyperresponsiveness through IL-4, IL-9, and IL-13 acting on epithe-
lial cells, and IL-4/IL-13 acting on smooth-muscle cells. Additional Ti2-effector
functions include activation of T cells (IL-4, IL-9, IL-25), macrophages (IL-4,
IL-13), and B cells (IL-25) (Paul and Zhu 2010).

Interactions between resident structural cells and infiltrating inflammatory
cells drive site-specific tissue changes in chronic allergic disease. In the airways,
for example, formation of the epithelial-mesenchymal trophic unit is a hallmark

of chronic asthma and sustains Ty2-driven inflammation (Galli, Tsai, and
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Piliponsky 2008). In other IgE-mediated disorders, chronic inflammation can
lead to nasal polyps in allergic rhinitis, or epithelial damage in AD, which
increases susceptibility to Staphylococcus aureus infection (Ogulur et al. 2025).

A major concern in severe or chronic allergy is the heightened risk of devel-
oping new allergic sensitizations, a progression known as the atopic march (or
allergic march). Persistent allergic inflammation damages the epithelial barrier,
facilitating access of pathogens, pollutants, and allergens to immune cells (Fig.
1.7). This increased exposure promotes presentation of novel epitopes to APCs,
driving epitope or molecular spreading (more information in 1.4.3). Spreading
can occur within the same allergen when homologous epitopes exist in related
allergens, or via the low-affinity receptor CD23, which can bind and present
structurally unrelated allergens (Gould and Sutton 2008). Population-based
studies further support a positive correlation between epithelial barrier dys-
function and an increased risk of food allergy. For instance, infants with AD
at 3 months of age are estimated to have a sixfold higher risk of developing
food allergies compared to healthy infants (Tsakok et al. 2016).
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Figure 1.7: Atopic march — a cycle of epitope spreading. The graph shows a
proposed atopic march model for atopic dermatitis. Drawn with Diagrams.net
(see 2.4).

1.3. Epidemiology of allergies

Allergic diseases are a major cause of global morbidity and an increasing
burden on health and medical systems of both developed and emerging coun-
tries. According to the World Allergy Organization (WAOQ), the sensitization
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rates worldwide to one or more common allergens among school children
are approaching 40-50% (Pawankar et al. 2013). While this comprehensive
global estimate remains widely cited, more recent investigations have focused
on national or allergy-specific prevalence (Spolidoro et al. 2023). Updated
population-based studies indicate that although the individual risk of devel-
oping allergic conditions such as asthma and AD may not be increasing, the
total number of cases worldwide has risen (Fig. 1.8). This increase is mainly at-
tributed to global population growth rather than a rise in per-capita incidence
(Shin et al. 2023).
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Figure 1.8: Total number of incident cases and global incidence rates of asthma

(a) and atopic dermatitis (b) by sex from 1990 to 2019. Adapted from Shin et al.
2023, figure modified with Inkscape (see 2.4).

Nevertheless, this growing absolute burden places increasing pressure on
healthcare systems and highlights the need for improved allergy prevention
and management strategies. The burden of allergic diseases is not uniformly
distributed — substantial variation exists across age groups, socio-economic
status, and geographic regions. For instance, higher prevalence rates are gen-
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erally seen in countries with a high socio-demographic index, likely reflecting
better reporting and greater exposure to urbanized environments. In contrast,
low- and middle-income countries, while reporting lower prevalence, expe-
rience disproportionately worse outcomes, including higher mortality and

fewer treatment options (Shin et al. 2023).

In Europe, the European Academy of Allergology and Clinical Immunology
(EAACI) reports that approximately 30% of the population experiences allergy
symptoms, with some countries showing even higher rates — Germany, for
example, reports a prevalence of 41% (Zuberbier et al. 2014; Mazur et al. 2022).
Recognizing the global impact, the World Health Organization (WHO) has
designated allergy as the fourth leading cause of immune disease in its 11th
revision of the International Classification of Diseases (ICD), projecting that
by 2050, half of the world’s population will be affected (Tanno and Demoly
2022).

Despite this being a major health issue, allergic diseases remain under-
recognized by the public and health institutions. This results in delayed
diagnoses, insufficient resource allocation, and limited awareness of the con-
sequences of untreated allergic inflammation, especially in vulnerable pop-
ulations (Sanchez-Borges et al. 2018). For example, food allergy is a leading
cause of life-threatening allergic reactions such as anaphylaxis. Anaphylaxis
is a systemic hypersensitivity reaction characterized by the rapid onset of
symptoms, which, if not promptly treated with intramuscular epinephrine and
followed by emergency care, can be fatal (Matricardi et al. 2016). In the United
Kingdom (UK), an analysis of hospital records from 1998 to 2018 identified
30700 admissions for food-triggered anaphylaxis, revealing a concerning 5.7%
annual increase in hospitalizations for this condition (Baseggio Conrado et al.
2021; Motosue et al. 2022).

One of the most compelling arguments for stronger public awareness
comes from a high-profile case in the UK. Natasha Ednan-Laperouse, severely
allergic to sesame, consumed a prepackaged sandwich that did not disclose
the presence of sesame seeds. Without access to epinephrine, she suffered
a fatal reaction. This tragedy led to the introduction of Natasha’s law in
2021, requiring all food outlets to provide complete ingredient lists with clear
allergen labeling on prepacked food intended for direct sales (Natasha allergy

research foundation).

Despite such legislative advances, no Food and Drug Administration (FDA)-
approved safe or effective methods for preventing or curing food allergies
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are currently available. Avoidance of trigger foods remains the only viable
option, yet this is especially challenging when the most common allergens
in the USA are peanuts, cow’s milk, and eggs, which are widely used. This
creates an unsafe environment, greatly diminishing the quality of life (Soon
and Abdul Wahab 2021). The risk is not limited to ingestion: severe, even fatal,
allergic reactions have been reported from allergens transmitted through saliva
(Steensma 2003; McKibbin et al. 2021). These realities highlight the importance
of warning atopic patients about such risks, as epinephrine auto-injectors are
prescription-only and unavailable in standard first-aid kits. Preventing future
tragedies will require a multifaceted approach combining proactive legislation,
widespread public education, and improved accessibility to diagnosis and

treatment.

The trivialization of allergic disorders is evident across all parts of society,
from education to healthcare services. An epidemiological survey on the
treatment of rhinitis symptoms in Europe reported that 52.6% of patients had
not visited a medical professional for their symptoms, and 30.2% opted for
nonprescription medicine as it does not require visiting the healthcare facility
(Maurer and Zuberbier 2007). Allergic rhinitis median prevalence world-wide
is estimated to range from 18.1% to 28.5%, with studies indicating a rising
prevalence in the general population (Licari et al. 2023). The undertreatment
of allergic disorders has direct and indirect socio-economic consequences. It
was inferred that the absence from work or reduced work productivity due to
allergies can result in between €55 to €151 billion annually of avoidable costs
for the European Union (Zuberbier et al. 2014). Beyond economic impact and
reduced quality of life, allergic disorders have also been linked to impaired
cognitive performance in children, further underscoring the importance of

adequate diagnosis and management.

Several large-scale studies have demonstrated that allergic symptoms,
particularly during pollen season, can measurably impair academic perfor-
mance. In Norway, fluctuations in pollen count were associated with lower
test scores among allergic students compared to their non-allergic peers, with
a one-standard-deviation increase in pollen linked to a 2.5% reduction in scores
relative to the mean (Bensnes 2016). In the United States, a similar rise in
ambient pollen was associated with declines in proficiency rates of 0.2-0.3
standard deviations in English language exams and 0.3-0.4 standard deviations
in mathematics assessments (Marcotte 2015). A UK study found that 40% of stu-
dents experiencing allergic rhinitis symptoms on examination day were more
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likely to drop a grade between winter and summer assessments, a likelihood
that increased to 70% among those taking sedating antihistamines (S Walker
et al. 2007). The caveat of such large studies is the inherent impossibility of
ruling out all competing explanations for these results. However, while it is
important to acknowledge the possible bias, the consistency of these findings
across populations underscores the need for greater attention to the societal
impacts of allergic disease. This includes further research into underlying
mechanisms, pathophysiology, improved diagnostics, effective treatments, and

preventative strategies across all allergy types.

1.4. Risk factors for allergic disease

Increasing attention is being devoted to research on risk factors and preven-
tive measures to mitigate the rising prevalence of allergies. Existing research
has recognized that heritable factors can be involved in allergy development:
if one parent is allergic, a child has a 33% chance of developing allergies, which
rises to 70% if both parents are allergic (Steinke and Borish 2006). However,
such estimates are not fixed and can vary from 15% to 82% when factoring in
allergy phenotypes, severity, onset start and the possibility of environmental
factors (X Hong et al. 2015). For example, food allergy is most common in
infants and young children, pattern likely driven more by an immature gut
microbiota and immune system rather than a genetic predisposition (Lee et al.
2020). Therefore, while researchers have agreed that genetics play a role in

allergy development, environmental factors are no less important.

1.4.1 Genetic factors

Twin studies support the genetic basis of allergy. For example, in a cohort
of 58 twin pairs with a family history of peanut allergy, concordance was
significantly higher in monozygotic twins (64.3%) than in dizygotic twins
(6.8%), corresponding to an estimated heritability of 81.6% (Sicherer et al.
2000). Similar trends were observed in other twin cohorts: peanut allergy was
diagnosed in 59% of monozygotic twins and 29% of dizygotic twins in a 60-pair
study (Kivisto et al. 2019), and in 53% versus 29%, respectively, in a broader
study of 826 twin pairs aged 12-18 years (X Liu et al. 2009). These findings
consistently indicate a substantial heritable component in allergic disease.

Risk factors are identified through genome-wide association studies (GWAS)
or a candidate-gene approach. GWAS rapidly scans large numbers of genetic
markers across entire genomes to detect disease-associated variants. In con-
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trast, the candidate-gene approach is a hypothesis-based study in which genes
are identified based on their potential role in the mechanism of the disease.
Both methods have reported multiple candidate genes; however, due to the
small sample sizes and high error rates, considerable uncertainty is often
associated with the results (X Hong et al. 2015). Other approaches include
family studies, analyses of monogenic disorders in which food allergy is the
primary clinical manifestation, and animal models. However, these methods
provide additional insights but are similarly limited by small cohorts, rarity of
phenotypes, and translational constraints (Arnau-Soler et al. 2025).

Among the most consistently replicated candidates is the filaggrin gene
(FLG), which encodes a key structural protein of the epidermal barrier. Loss-of-
function mutations in FLG have been associated with an increased risk of food
allergy, likely through impaired skin barrier integrity that facilitates allergen
penetration; higher allergen concentrations do not positively correlate with
higher sensitization rates in individuals with wildtype FLG (Stefanovic and
Irvine 2024; Arnau-Soler et al. 2025). However, other studies report that FLG
mutations do not increase the risk of food allergy or asthma when occurring
independently of AD, suggesting that the link may be mediated by skin in-
flammation rather than the genetic variant alone (Lukacs and Hogan 2025).
This highlights the importance of gene-environment and gene-phenotype
interactions in developing allergic disease.

Another GWAS study provided convincing evidence that gene regions
encoding human leukocyte antigen (HLA)-DR and -DQ isotypes confer risk
for peanut allergy in subjects of European ancestry. HLA-DR is an MHC
class II cell surface receptor encoded by the HLA complex. HLA-DQ is a
cell surface receptor protein found on APCs. Both molecules are involved
in antigen presentation and the development of antigen-mediated immune
response. Several peanut allergy-associated single-nucleotide polymorphisms
(SNPs) have been elucidated in those regions (X Hong et al. 2015).

A GWAS meta-analysis proved that the frequent co-occurrence of asthma,
allergic rhinitis, and eczema is partly attributable to a shared genetic origin. In
this study, 136 independent risk variants were identified that dysregulate the
expression of immune-related genes. Further analysis elucidated that these
target genes are involved in T and B cell activation, proliferation, isotype
switching, cytokine production, and other pathways central to allergic inflam-
mation (Ferreira et al. 2017). Most risk variants identified by such studies
will be of no clinical relevance as they cannot predict allergic sensitization
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or are involved in a minimal capacity in the pathogenesis mechanism. How-
ever, some risk factors have been identified to cause at least 25% of allergic
sensitizations in a population, suggesting that targeting them would have a
significant impact on public health (Bennelykke et al. 2015).

Most risk variants are identified from the pathways which are involved
in Ty2 immunity, T-cell differentiation, TGF-f3 signaling, T, function, and
skin or mucosal barrier integrity. That is, from genes involved in antigen
recognition, presentation to inflammatory response regulators (Bennelykke et
al. 2015; Arnau-Soler et al. 2025). Interestingly, GWAS studies also discovered
that quite a few identified candidate genes have a nearby CpG site. This
may suggest that environmental factors can influence methylation levels
on these CpG sites, affecting candidate gene expression and, by extension,
influencing allergy risk. This would also shed light on the dramatic rise of the
prevalence of allergies if the cause were epigenetic factors, likely influenced by
environmental and lifestyle changes (Xu et al. 2021; Arnau-Soler et al. 2025). An
example of this would be the significant association between smoking and the
methylation site of PITPNM2 gene, encoding a PYK2-binding protein, which
is involved in neutrophil function (Ferreira et al. 2017). This interaction may
explain the link between maternal smoking in pregnancy and the increasing
risk of early-onset persistent asthma (London et al. 2001).

Other epigenetic factors would include posttranslational histone modifica-
tions, such as acetylation, phosphorylation, methylation, ubiquitination, etc.,
which may directly impact the expression levels of candidate genes, affecting
the development of allergic diseases. Investigating genetic and epigenetic fac-
tors may provide new ideas into allergy prognosis, regulation, and inhibition
(Alaskhar Alhamwe et al. 2018).

1.4.2 Environmental factors

Rapid urbanization and industrialization have been linked with the grow-
ing prevalence of allergic diseases through two main mechanisms: (i) greater
exposure to environmental pollutants along with altered dietary patterns,
which can exacerbate disease development; and (ii) reduced exposure to diverse
childhood infections, as described by the "Hygiene hypothesis" (Pawankar
et al. 2013; Q Zhang et al. 2025).

The causal link between air pollution, climate change, and allergic diseases
remains the subject of extensive scientific debate. Ambient air pollution pre-

dominantly comprises particulate matter and gaseous pollutants. Particulate
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pollutants include diesel exhaust particles (DEPs), one of the most well-studied
forms, as well as particulate matter (PM) with aerodynamic diameters smaller
than 2.5 pm (PMa 5), or 10 pm (PMjg). PMy 5 includes organic compounds,
metallic particles, and combustion particles, whereas PMjq includes mold,
dust, and pollen. Gaseous pollutants mainly comprise CO, O3, NO,, SO,, and
oxidants (Lu et al. 2021).

Most airborne pollutants act as mucosal adjuvants, interacting with innate
and adaptive immune cells. These pollutants drive the antigen-mediated im-
mune response towards a T2-type inflammation in about 11.1-40% of atopic
individuals, depending on the country (Lu et al. 2021). Exposure to DEPs
increases inflammatory cell infiltration, cytokine production, and chemokine
release (Takizawa 2004). Gaseous pollutants, including O3, NO,, and SO,, dam-
age the ocular surface by acidifying tears, oxidizing tissues, and facilitating
allergen penetration; O3 and NO; can also modify aeroallergens, triggering
cytokine release and aggravating allergic sensitization (Lu et al. 2021). Damage
to the airway mucosa, impaired mucociliary clearance, and airway inflam-
mation increase hyper-responsiveness, allowing greater immune access to
inhaled allergens and thereby promoting sensitization or exacerbating disease
(D’amato et al. 2010). By contrast, low concentrations of pollutants do not
appear to enhance the inflammatory response, as was demonstrated in a con-
trolled study investigating the effect of ozone exposure on late inflammatory
and early bronchoconstrictor responses to inhaled house dust mite allergen in
sensitized individuals (Chen et al. 2004).

PM particles represent another important aspect of unintended air pol-
lution. 40% of Europeans are affected by pollen allergies, and their prevalence
continues to rise. Hay fever typically lasts from late March to September, and
symptom severity correlates with ambient pollen concentrations (Stevanovic
et al. 2025). The EU promotes green initiatives through the EU Green Infras-
tructure Strategy (CELEX 52013DC0249) and the EU Biodiversity Strategy for
2030 (CELEX 52020DC0380) initiatives. Urban planning in major cities en-
sures residents live within walking distance of a park or natural area. In 2025,
Vilnius was named the European Green Capital, recognizing its commitment
to climate action, sustainability, and smart urban planning. Around 500 000
trees can be inventoried in the capital. According to the inventory, maples
(86 000), lindens (25 000), birches (33 000), and pines (32 000) account for the
largest number of trees in Vilnius (www.zaliasvilnius.lt). However, the green

initiatives do not account for allergies when landscaping projects are being
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implemented. A notable example is the birch tree, which produces pollen
containing the major allergen Bet v 1. Pollen from birch and related trees is a

major cause of allergic rhinitis and asthma symptoms (Stevanovic et al. 2025).

Air pollution, when combined with rising global temperatures, can ex-
ert an even greater impact on public health, particularly in individuals with
respiratory diseases. Weather changes have long been linked to asthma out-
breaks. For the past century, researchers have studied the strange connection
between reports of asthma epidemics following thunderstorms. Such cases
have been reported in the UK, Europe, Australia, Canada, and Mexico. It was
hypothesized and later confirmed that pollen grains break up under humid
conditions due to osmotic shock and release part of their contents, includ-
ing allergen-carrying starch granules, into the atmosphere. These 0.5-2.5 pym
starch granules can reach the lower airways and induce asthma reactions in
individuals allergic to pollen (Taylor and Jonsson 2004; D’Amato et al. 2007;
J Hong et al. 2016; Lu et al. 2021).

Other environmental factors, such as moving to another country, can
expose an individual to a new set of pollutants and allergens. Socioeconomic
factors also influence allergy prevalence, as individuals of lower status are
more likely to be exposed to sub-optimal living conditions, such as mold, dust,
or unhealthy dietary habits. Another spectrum of environmental factors is
associated with occupational allergies, which arise from high-concentration
exposures in the workplace (e.g., latex in health-care workers and laboratory
technicians; flavoring, oil, or antioxidants in bakers; dyes, latex, rubber, and
fragrances in hairdressers) (Pawankar et al. 2013; Stevanovic et al. 2025).

Epidemiological studies have shown that dietary habits, which include
foods high in advanced glycation end-products (AGEs), positively correlate
with increased risk of food allergy. AGEs are generated during thermal food
processing, such as grilling meats, frying foods, or caramelizing products.
Population-based studies have confirmed a causal link, and mouse experiments
demonstrate that an AGE-rich diet can induce an adjuvant-like effect on aller-
gens, disrupt intestinal barrier integrity, and promote gut dysbiosis, thereby
facilitating immune interactions with bacterial products or allergens and per-
petuating intestinal allergic inflammation. Long-term AGE consumption also
promotes sensitization to unrelated allergens, providing a clear example of an
atopic march (see 1.2.3) (Q Zhang et al. 2025).

Nevertheless, environmental factors can also influence allergy develop-

ment in a contrary manner. This phenomenon is known as the "Hygiene
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hypothesis". It proposes that the rising prevalence of allergic diseases is linked
to reduced exposure to infections, resulting from urbanization and improved
healthcare in Western countries (Okada et al. 2010). The concept dates back to
the 1870s; however, the term "Hygiene hypothesis" was introduced in 1989 by
David P. Strachan, who after observing 17 000 British children born in 1958,
noted an inverse correlation between hay fever and the number of older sib-
lings in the family (Strachan 1989). Another British survey of 29 238 children
corroborated the findings, concluding that the presence of older siblings or
being an offspring of a multiple birth (twins, triplets, and so on) will have a
protective effect against developing eczema, hay fever, and asthma diagnosed
after the age of two (Mckeever et al. 2001). A similar protective effect was
observed with early exposure to older children in daycare settings (Homas
et al. 2000).

The hypothesis explained that some infectious agents can have a protective
effect against allergic sensitization. The apparent differences in the prevalence
of allergies in rural and urban territories also correlated with these findings. In
Ethiopia, for example, asthma was significantly less common in rural villages
than in urban areas. Studies in Germany found that farmers’ children living
in Bavarian counties had a lower prevalence of hay fever than peers living in
non-agricultural areas of Bavaria (Yemaneberhan et al. 1997; Von Ehrenstein
et al. 2000). A Canadian longitudinal study similarly reported a reduced risk
of developing asthma when living in an agricultural environment (Midodzi
et al. 2007). More recent studies elucidated that the protective effect may be
associated with rich home dust microbiota. Although the mechanism is not
fully understood, it may involve a higher proportion of environmental bacteria,
including those of animal origin, compared with human-associated bacteria
(Kirjavainen et al. 2019). On the other hand, pet ownership early in childhood
is associated with a higher prevalence of allergies. However, the evidence
remains inconclusive as more longitudinal studies are required (Pyrhénen
et al. 2015).

Increasing evidence indicates that changes in human microbiota composi-
tion and function are associated with allergy development (Lee et al. 2020). In
newborns, reduced microbiome diversity has been linked to increased allergy
risk through indirect evidence, including mode of delivery, infant feeding
practices, maternal and infant dietary fiber intake, childhood exposure to
agricultural environments, and findings from animal models (Lambrecht and

Hammad 2017). However, such associations have been challenged by recent
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longitudinal studies from Japan; one study of 2 114 children found no link
between cesarean delivery and allergic diseases up to nine years of age. These
findings may not be directly applicable to Western countries due to cultural
and dietary differences, but they underscore the need for further research in

allergology (Tamai et al. 2025).

1.4.3 Allergen molecular characteristics

Allergens are a heterogeneous group of molecules, typically proteins, glyco-
proteins, lipoproteins, or protein-conjugate chemicals and drugs, that elicit an
IgE-mediated immune response (Costa et al. 2022). Considering the diversity of
allergic diseases, only a very small amount of the proteome acts as an allergen.
According to the AllFam database (www.meduniwien.ac.at/allfam/), allergens
are currently classified into 151 protein families (accessed on 2025-08-18). The
major allergens can be further grouped into eight allergen superfamilies: pro-
lamin, EF-hand, profilin-like, tropomyosin-like, cupin, Bet v 1-like, calycin, and
double-psi beta barrel. Allergens in these superfamilies share high sequence
identity or structure similarities, which could induce cross-reactive responses
in an atopic individual exposed to homologous allergens. However, this is
not universal, as allergens differ not only in their molecular characteristics
but also in their ability to induce sensitization (sensitizing vs. non-sensitizing
allergens), their capacity to initiate IgE responses (initiator vs. secondary al-
lergens), and in their recognition by IgE antibodies (major vs. minor allergens)
(Matricardi et al. 2016).

Longitudinal studies have elucidated a few patterns of allergy development.
In dust mite allergy, for example, individuals often sensitize to one of the major
allergen groups (Der p 1/Der f 1 or Der p 2/Der f 2) and remain sensitized
to that group throughout childhood, or they become co-sensitized to both
groups without further progession. Sensitization patterns can evolve with
continued exposure to the allergen source in other allergies, such as timothy
grass. Diversification of the IgE reactivity profile over time, termed "molecular
spreading”, has been observed in timothy grass allergy: individuals typically
first sensitize to the initiator allergens Phl p 1 and Phl p 5, only then to Phl
p 2, 4, and 6, and at later times even to Phl p 7, 11, and 12 (Custovic et al.
2015). It is clear that not all antigens that pass through the epithelial barrier
can induce an IgE response, and the induced reaction is not universal. Some
features are a consequence of an extrinsic factor, such as antigen presentation

in the presence of bacterial cell wall components, whereas the role of intrinsic
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allergen features remains uncertain (Matricardi et al. 2016).

Numerous studies have sought to determine what defines an allergen.
However, the results remain inconclusive. Even the most basic questions,
such as whether allergenic potential can be predicted from protein abundance
remain unclear. For example, caseins, the most abundant proteins in milk, are
considered major allergens in milk allergy and the whole casein family ranks
fourth in allergenic potential upon ingestion within the food allergy category.
Conversely, allergens present in limited quantities, such as tropomyosins,
parvalbumins, or serum albumin, also can cause severe allergic reactions. This
may indicate that the limited quantity can also be a factor in the severity of
an allergic reaction. Similarly, no single parameter, whether it is structural
stability, ligand binding, glycation, aggregation, heat stability, pressure lability,
or lipid interactions, can reliably predict allergenicity (Costa et al. 2022).

Despite these ambiguities, some studies have identified direct links be-
tween protein function and allergenic potential. Pore-forming proteins from
various species can trigger an allergic reaction through two mechanisms: one
causes an influx of Ca?*, which activates the type 2 immune response, the
other triggers the alarmin IL-33 release, which results in an enhanced allergic
response (Fig. 1.9) (Shi et al. 2025).

It is speculated that a common feature of type 2 response inducers appears
to be their ability to cause different types of tissue perforations, which would
make them immunogenic. However, while all allergens are antigenic, not all
allergens are immunogenic. Therefore, allergens can be categorized into two
different classes. Class A allergens are inherently capable of triggering immune
responses on their own. They are often enzymatic proteins, such as proteases
or lipases, simultaneously acting as antigens and immunogenic stimuli. Class
B allergens lack intrinsic immunogenicity and require the presence or co-
localization of adjuvants in space or time to become immunologically active.
Adjuvants can be Class A allergens or any other substance capable of inducing
a type 2 response. Hence, Class B allergens are also aptly named "guilty-by-
association” (Kopp et al. 2023).

Class A allergens are thought to initiate the T2 response through three
different modes: (i) retrospective detection of tissue damages, in which DCs
respond to site of injury by recognizing stress- or damage-associated molecules
(e.g., alarmins, ATP, uric acid); (ii) prospective detection via sensory cells, in
which specialized epithelial or neuronal cells sense immunogenic activity

and, in turn, release cytokines or neuropeptides to activate DCs; and (iii)
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Figure 1.9: Allergy-triggering mechanisms of the common mold Alternaria
alternata in mouse airways. The principal immunostimulatory components
are large and small aegerolysin proteins, which assemble into transmembrane
pores. Although the precise epithelial site of pore formation is unknown,
aegerolysins can elicit allergic responses through two distinct mechanisms.
Under low-dose exposure to A. alternata extract, Ca®T influx through the pores
activates the MAPK pathway and downstream inflammatory gene expression.
The resulting release of cytokines and chemokines attracts and activates den-
dritic cells, type 2 innate lymphoid cells (ILC2s), and Ty2 cells, driving a type
2 response mediated by eosinophils and mast cells. In contrast, high-dose
exposure damages epithelial cells, stimulating the release of the alarmin IL-33,
which amplifies the allergic response, while excessive pore formation can also
cause osmotic lysis of epithelial cells. Adapted from Lambrecht 2025, which is
based on Shi et al. 2025.

direct detection, in which DCs directly recognize adjuvant activity from low-
doses of bacterial lipopolysaccharides, peanut extract, or house dust mite
allergens, leading to their maturation and the initiation of a Ty2 response.
Aegerolysins, shown in Fig. 1.9, can be categorized as Class A allergens, and
the study proposed two allergy mechanisms. When aegerolysin concentrations
are low, DC activation relies on prospective cues from epithelial or sensory

cells. However, the resulting tissue damage at higher concentrations releases
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alarmins that drive retrospective sensing (Shi et al. 2025; Kopp et al. 2023).

While functional properties of Class A allergens illustrate how allergens
can actively initiate a Tyy2 response, structural and biochemical modifications
also play a decisive role in shaping allergenic potential. PTMs, glycosylation
in particular, can influence IgE binding and cross-reactivity (Altmann 2016).
Protein glycosylation can be ambiguous in allergy diagnostics. On the one
hand, glycosylation can be critical for the folding and activity of the recombi-
nant allergen (Bonnet et al. 2018). On the other hand, glycosylation can elicit

false positive reactions by reacting with non-specific IgE (Kozlov et al. 2025).

IgE-binding N-glycans, known as cross-reactive carbohydrate determi-
nants (CCDs), are classified into several groups, some with proven clinical
relevance and others still under investigation (Fig. 1.10). Group A carbohy-
drates, or ‘classical CCDs, are found on horseradish peroxidase, pineapple
bromelain, and insect venoms. They are N-glycans with a core of two N-acetyl
glucosamine (GlcNAc) sugars and two or three mannose residues. These struc-
tures are further characterized by the addition of a 31,2-linked xylose to the
proximal mannose and/or an «1,3-linked fucose to the innermost GIcNAc
of the core. Classical CCDs feature foreign monosaccharides, non-human
linkage, or aberrant non-human glycosylation patterns. Group B includes
non-human mammalian oligosaccharides, such as the galactose disaccharide
with an «1,3 linkage (a-Gal epitope). This IgE-binding «-Gal epitope has
been implicated in anaphylaxis associated with red meat allergy and with
the therapeutic mAb cetuximab allergy. In group B, the non-human sialic
acid N-glycolylneuraminic acid (Neu5Gc) has also been shown to interact
with antibodies. Group A and B are recognized for their clinical significance
and their importance is evident from in vitro molecular diagnostics, where
the presence of these specific modifications is analyzed. Other carbohydrate
groups are still under investigation for their role in allergology as no study
has directly linked these carbohydrates with specific IgE (Homann et al. 2017,
Platts-Mills et al. 2021).

Taken together, these findings highlight that allergenicity is not deter-
mined by a single property, but rather by a complex interplay of abundance,
function, molecular modifications, and the context of exposure. Yet, the vari-
ability observed even within closely related protein families suggests that addi-
tional, as of yet unidentified factors — potentially linked to three-dimensional
structure, epitope accessibility, or host-specific responses — also contribute.

Even conventional processing methods (e.g., boiling, baking, frying, pasteur-
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Figure 1.10: Groups of oligosaccharides recognized by IgE. Group A: classical
CCD examples from plants and venoms. Group B: mammalian non-human
oligosaccharides, such as the disaccharide Gal-a1,3-Gal and the monosaccha-
ride N-glycolylneuraminic acid (Neu5Gc), another type of sialic acid. Groups A
and B are clinically significant, whereas the clinical relevance of other groups is
still under investigation. Group C: O-glycans. Group D: glycans derived from
nematode parasites. Group E: short-chain galacto-oligosaccharides (GOS),
known as prebiotic carbohydrates. These categories summarize the main
oligosaccharide structures currently implicated in IgE recognition. Informa-
tion was taken from Platts-Mills et al. 2021, design based on Reily et al. 2019,
made with Inkscape (see 2.4).

ization, sterilization, and others) can drastically influence allergen antigenic-
ity, underscoring that understanding these determinants remains a critical
challenge for allergology and highlighting the need for precise molecular char-
acterization. (Zeng et al. 2025). This complexity is directly reflected in the field
of allergy diagnostics, where distinguishing clinically relevant sensitization

from cross-reactivity remains an ongoing challenge.

1.5. Allergy diagnostics

Allergic diseases have a profound impact on quality of life, ranging from
chronic skin inflammation and respiratory symptoms to life-threatening ana-

phylaxis. Given the broad spectrum of clinical manifestations and the lack
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of a universal treatment, the first essential step in patient management is
the accurate identification of the causative allergen. Advances in molecular
allergology now enable diagnostics not only with traditional allergen extracts
but also with recombinant allergen components, facilitating improved risk
assessment and guiding both in vivo and in vitro diagnostic approaches, as

well as subsequent immunotherapy.

1.5.1 Recombinant allergens vs. Allergen extracts

Historically, allergen extracts derived from natural sources were used
to diagnose and treat allergic diseases. However, these extracts exhibit con-
siderable variability, lack standardization, and contain a complex mixture of
allergenic and non-allergenic components (Zimmer et al. 2021). Several studies
have shown that using such extracts in in vitro or in vivo assays can lead
to misdiagnosis when relevant allergens are absent. For instance, lipophilic
allergens such as oleosins or defensins cannot be purified using conventional
extract production methods, hence these allergens would not be found in
commercial extracts (Jappe and Schwager 2017). Similarly, allergens with
naturally low abundance or poor stability may escape detection (Nugraha et al.
2021). Misdiagnosis can also occur in the presence of homologous proteins
(Y Zhang, Matsuo, et al. 2006) and due to undefined non-allergic materials,
contaminants (Valenta, Karaulov, et al. 2018). These limitations are inherent
to natural allergen sources and extract manufacturing methods and cannot be
entirely overcome.

The understanding that sufficient and consistent presence of major aller-
gens is decisive for the quality and efficacy of both immunotherapy and diag-
nostic products led to the revolutionized field of allergy diagnostics (Zimmer
et al. 2021). One of the key objectives of large-scale European research initia-
tives, e.g., CREATE (Consortium for the Standardization of Allergen Extracts),
BSP090 (Biological Standardization Programme), and MeDALL (Mechanisms of
the Developmental Allergy), was the production of high-quality, standardized
allergen extracts/molecules with robust reproducibility. While this endeavor
was achieved with varying degrees of success, it advanced the understanding
of molecular mechanisms underlying allergic sensitization and clarified the
relationships between sensitization patterns and clinical symptoms. Impor-
tantly, they also explored using native allergen molecules versus recombinant
allergens (Anto et al. 2017).

Recombinant allergens, produced through genetic engineering, offer a
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more consistent and precise approach to allergy diagnosis. They facilitate
the identification of specific allergens responsible for allergic reactions, a
process termed component-resolved diagnosis (CRD). CRD allows clinicians
to distinguish between genuine sensitization and cross-reactivity, refine risk
assessment, and provide more personalized therapeutic strategies. Further-
more, recombinant allergens enable the production of hypoallergenic variants,
which promise a safer and more effective allergen-specific immunotherapy
(Matricardi et al. 2016). With the global rise in allergic diseases, the demand for
reliable and accurate diagnostic tools is increasingly urgent. Using recombi-
nant allergens in allergy diagnostics represents a critical step toward achieving
more targeted and effective management of allergic disorders (Sanchez-Borges
et al. 20138).

Insect venom allergens provide a clear example of the progression from
natural allergen extracts to recombinant allergens. Stings by members of
the Hymenoptera order account for 20.2% and 48.2% of anaphylaxis cases
in individuals below and over the age of 18, respectively (Worm et al. 2014).
Severity varies between individuals; however, those who have experienced an
allergic reaction have a 60% chance of a similar or worse reaction if stung again.
The only long-term solution is venom immunotherapy (VIT). Although VIT is
highly effective, systemic allergic side effects to injections occur in 20-40% of
patients (Perez-Riverol et al. 2015). The underlying cause is the use of extracts,
which contain not only allergens with immunogenic glycosylation patterns
but also a variety of pharmacologically active amines and enzymes that can
exacerbate the allergic responses (Bazon et al. 2018). This example illustrates
the inherent drawbacks of natural extracts and underscores the potential of
recombinant allergens to provide safer, more standardized alternatives for
both diagnostics and therapy.

Given the advantages of recombinant allergens, it may seem surprising
that allergen extracts still dominate routine practice. This is particularly
notable given that several allergens have very limited natural availability.
For recombinant allergen production, the key challenge lies in the selection
of an appropriate expression system, that balances cost, labor, and inherent
protein characteristics (Jayakrishnan et al. 2024). Selection requires careful
consideration of the need for PTMs, structural complexity for preserving
conformational epitopes, required solubility, as well as practical constrains
such as production time, efficiency, consumer acceptance, and regulatory

compliance for therapeutic applications (M Liu et al. 2025).
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In practice, recombinant allergen production is typically performed in
E. coli hosts due to its cost-effectiveness, rapid growth, and simple cultivation
conditions. However, E. coli cannot perform PTMs or secrete proteins, com-
plicating downstream purification. In addition, heterologous proteins often
misfold into inclusion bodies, losing biological activity and requiring exten-
sive refolding protocols, which can result in losses of 75-85% of the recovered
protein (Jayakrishnan et al. 2024). For example, the peanut allergen Ara h 2
expression requires specialized E. coli strains such as Origami, that enable
cytoplasmic disulfide bond formation necessary to maintain IgE reactivity
(Lehmann et al. 2003). However, specialized strains are associated with low

yields, contrary to the intended outcome.

Consequently, scientists and industry specialists have employed eukary-
otic systems to produce recombinant allergens. Eukaryotic expression systems
offer the advantage of performing PTMs essential for allergen recognition
by sIgE antibodies: proteolytic processing of signal peptides, subunit assem-
bly, phosphorylation, acetylation, acylation, disulfide bond formation, and
glycosylation (Rapp and Reichl 2021).

S. cerevisiae is generally regarded as safe (GRAS) and is utilized as a model
organism to synthesize a variety of food-safe products: natural colorants (e.g.,
betanin, anthocyanins, catechins, lutein), food flavorings (e.g., valence), func-
tional dietary supplements (e.g, glutathione, vitamins), and others (M Liu et al.
2025). Although relatively uncommon, S. cerevisiae has been used to produce
recombinant allergens with successful and unsuccessful outcomes reported
(e.g., immunoreactive procalin allergen, insoluble dust mite (Dermatophagoides
pterosynus) Der p 1 allergen, immunobinding Der p 2 allergen) (Schmidt and
Hoffman 2002). Despite its GRAS status and capacity for PTMs, S. cerevisiae is
known to hyperglycosylate recombinant proteins, which reduces its therapeu-
tic use (Jayakrishnan et al. 2024).

The methylotrophic yeast P. pastoris is an established platform for indus-
trial production of pharmaceutical- and food-grade recombinant proteins (M
Liu et al. 2025). Compared to S. cerevisiae, P. pastoris offers several advantages,
including higher heterologous protein expression levels, reduced background
secretion of host-derived proteins, and more efficient secretion into the cul-
ture medium. Its ability to perform PTMs, such as glycosylation, makes it
suitable for producing complex mammalian proteins. Unlike S. cerevisiae,
which typically modifies glycoproteins with hypermannosylated N-glycan
structures, containing a-1,2/3/6-mannoses and phosphomannoses that can
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exceed 100 residues, P. pastoris produces shorter N-linked glycans with a lower
polymerization degree, incorporating a-1,2/3/6-, 5-1,2-mannose residues and
occasional phosphomannoses (Rapp and Reichl 2021). Mannosylation as a
form of glycosylation is preferred as mannosyl-type glycans appear to be a
dominant feature among allergens (Al-Ghouleh et al. 2012).

Insect cell and plant-based systems offer more authentic PTMs for certain
allergens, but their higher costs and longer production times limit their ap-
plication to specialized cases. Insect cells employing baculovirus expression
vectors can yield properly folded insect venom allergens such as Api m 1.
However, glycosylation differences, particularly a1,3-fucose residues, can
cause diagnostic interference (see 1.4.3 Fig. 1.10 Group A CCDs). Mammalian
cell systems, while providing human-compatible glycosylation, remain eco-
nomically unfeasible for routine allergen production (M Liu et al. 2025; Blank,
Michel, et al. 2011).

The continued dominance of E. coli and P. pastoris in commercial recombi-
nant allergen production reflects a practical reality: most clinically relevant
allergens can be produced in functional form without complex PTMs. For
diagnostic applications, where CCD interference must be minimized, non-
glycosylated variants are often preferred regardless of the native protein’s
glycosylation status. However, glycosylation influences a protein’s biological
activity, half-life, and interactions with other molecules. There is evidence that
certain glycans are clinically relevant and that glycan modifications can act
as adjuvants, enhancing the immunogenicity of various allergens (Hale et al.
2024). A systematic understanding of how glycosylation contributes to allergy
is still lacking. Thus, optimal expression system selection should increasingly
depend on the intended application: simplified proteins for diagnostics versus
more native-like structures for immunotherapy. The requirement for PTMs
should be assessed on a case-by-case basis to advance our understanding of

molecular allergology.

1.5.2 In vivo vs. in vitro allergy diagnostics

The double-blind placebo-controlled food challenge (DBPCFC) remains
the gold standard for IgE-mediated food hypersensitivity diagnosis, even if
its false-positive rate exceeding 50% highlights fundamental limitations in
current diagnostic approaches (Renz et al. 2018; Osguthorpe 2014). More
concerning is the inherent risk in in vivo diagnostics: intentional exposure to

suspected allergens carries a substantial risk of severe adverse reactions in
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sensitized patients. To maintain optimal safety measures, DBPCFC requires
highly qualified personnel to oversee the procedure, multi-hour monitoring
periods, and immediate access to specialized rescue services and equipment,
making it resource-intensive and inaccessible for routine screening (Kowalski
et al. 2016).

These practical constraints shifted the diagnostic approach towards quan-
titative in vitro assays over the past decade (Fig. 1.11b). Modern immunoassay
platforms, notably ImmunoCAP® (Phadia, Thermo Fisher Scientific), Immulite
(Siemens Healthineers), and HYTEC-88 (Hycor Biomedical), offer compelling
alternatives by quantifying sIgE antibodies against specific allergen compo-
nents rather than crude extracts. These assays minimize patient risk, can be
standardized across laboratories, and offer improved sensitivity and specificity
compared with traditional extract-based tests (Renz et al. 2018).

(a) In vivo assays () I vitro assays
Y
« ... SPT ELISA
8| Wheal and flare | Substrate o )
' reaction | Scratch test IgG LD L{} L{} Imunoblotting
Provocation test 4 PN 4 A\ lj‘@ RAST
* Intradermal test |sIgE I Microarray
T Patch test ‘ . ‘ LFA
- DBPCFC Bead-based assay

Figure 1.11: Overview of allergy diagnostic platforms. (a) In vivo assays detect
local tissue reactions (wheal and flare) resulting from type 2 immune-mediated
inflammation following allergen exposure through various routes: epidermal
(SPT, scratch test), intradermal, mucosal (provocation test), transdermal (patch
test), or oral (DBPCFC). (b) In vitro assays detect patient sIgE by their binding
to immobilized allergens (Ag) using labeled anti-IgE antibodies, with signal
readouts adapted to different platforms including ELISA, immunoblotting,
radioallergosorbent test (RAST), microarrays, lateral flow assays (LFA), and
bead-based multiplex assays. Figure created with Inkscape (see 2.4).

Despite the shift, in vivo practices remain standard in most hospitals. How-
ever, while DBPCFC is the reference, the skin prick test (SPT) dominates the
clinical practice due to practical necessity rather than diagnostic superiority.
Within 15-20 minutes and at minimal cost, SPT reveals mast cell-bound sIgE
through characteristic wheal-and-flare responses to epidermal allergen ex-
posure (Fig. 1.11a). Despite its clinical utility, the accuracy of SPT is limited
by extract variability, interference from antihistamines, and the presence of
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extensive eczema or other skin conditions. In vivo approaches also cannot dis-
tinguish genuine sensitization from cross-reactivity when using heterogeneous
allergen mixtures (L Heinzerling et al. 2013; Renz et al. 2018).

In contrast, in vitro assays such as InmunoCAP®, ELISA, or microarray-
based systems allow for standardized measurement of allergen-specific IgE,
independent of patient skin reactivity or medication status. In the cases of
well-characterized allergies, serum sIgE levels correlate with clinical reaction
probability, providing risk assessment without imposing any risk to the patient.
Beyond their safety and convenience, the significant advantage of in vitro
assays is their suitability for CRD. CRD platforms can simultaneously assess
IgE reactivity to hundreds of allergen components. This process is impractical
for in vivo testing because each component must be purified from natural
sources or undergo extensive safety testing before recombinant allergens can
be approved for human use.

In vitro CRD platforms employ a standard immunoassay format: allergen
components immobilized on inert substrates (e.g., paper discs, cellulose matri-
ces, polycarbonate plates) are incubated with patient sera. IgE that recognize
allergen epitopes via their Fab regions are detected using labeled anti-human
IgE directed against the Fc region. The signal is visualized using colorimetric,
fluorimetric, or chemiluminescent readouts (Fig. 1.11b) (Osguthorpe 2014).

Commercial in vitro assays are either singleplex, such as InmunoCAP®
or Immulite, which quantify sIgE against one allergen extract or component
at a time; or multiplex, like ISAC™ microarrays or ALEX® assays, that enable
simultaneous measurement of IgE reactivity to over 100 allergen components
from a small serum sample. Precise molecular sensitization profiles are par-
ticularly valuable when planning allergen immunotherapy (AIT), as adverse
reactions often correlate with the complexity of the patient’s sensitization pat-
tern. For instance, in grass pollen allergy, comprehensive sIgE profiling helps
identify high-risk patients and optimize AIT protocols, potentially improving
safety and efficacy (Barber et al. 2021).

1.5.3 Allergen immunotherapy

Allergies can be managed in four ways: (i) allergen avoidance; (ii) self-
treatment with antihistamines, corticosteroids, and adrenaline; (iii) mono-
clonal antibody treatment; and (iv) AIT. AIT is a form of therapeutic vac-
cination that aims to develop functional immune system tolerance towards

allergens (Durham and Shamji 2023). The classical protocol involves two steps.
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First, desensitization, during which effector cells of the type 2 response become
less reactive or nonreactive; this state requires regular allergen administration
to be maintained. Second, tolerance, also referred to as sustained unrespon-
siveness, in which desensitization remains a "permanent" state. This state
resembles the immune tolerance of healthy individuals; however, it is unclear
whether the underlying mechanisms are the same (Renz et al. 2018; Yu et al.
2016).

Mechanistically, AIT promotes the increase of T, cells and allergen-
specific IgG4 levels. T, cells secrete inhibitory factors such as IL-10, TGF-$,
and IFN-+, which are essential in modulating the type 2 immune response. For
example, IL-10 suppresses histamine release during mast cell degranulation,
while IFN-+ inhibits the production of hallmark T2 cytokines such as IL-4,
IL-13, and IL-5. In addition, IL-4 and IL-13 drive plasma cells to switch isotype
from sIgE to allergen-specific IgG4 (Pavon-Romero et al. 2022). IgG4, unlike IgE,
is a non-inflammatory IgG subclass that does not activate effector mechanisms
of the immune system (Qin et al. 2022). AIT also promotes regulatory B (Bycg)
cell responses and differentiation into the Ty1 cell response (Durham and
Shamji 2023).

Tolerance remains the goal of AIT; however, it is not achieved in all patients
and is not applicable to all types of allergies. AIT treatment can be administered
through various routes, including sublingual (SLIT), subcutaneous (SCIT), oral
(OIT), epicutaneous (EPIT), and by direct injection into lymph nodes (ILIT)
(Zemelka-Wiacek et al. 2024). Immunotherapy is still not fully understood, in
part because the use of allergen extracts complicates precise determination
of the molecular doses required for tolerance induction. Moreover, different
clinical outcomes can be observed with the same allergen when administered
via different routes (Durham and Shamji 2023; Pechsrichuang and Jacquet 2020).
For example, in VIT, the administration of native allergens can induce not only
adverse side-effects but also severe anaphylactic reactions (Brunetto et al. 2025).
These limitations highlight the need for next-generation AIT strategies that
employ recombinant allergens, hypoallergenic variants, T-cell based synthetic
peptide immuno-regulatory epitopes, or allergoids (Pechsrichuang and Jacquet
2020).

Another disadvantage of AIT is its treatment length, typically requiring
allergen administration over two to five years, which results in poor patient
commitment to treatment. New strategies aim to overcome the disadvantages

of classical AIT by selectively targeting immune pathways. Approaches di-
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rected at T cell responses seek to reduce or eliminate the risk of anaphylaxis.
In contrast, those targeting B cell responses aim to induce the production
of IgG and IgA with IgE-blocking abilities, which would hasten tolerance
development (Durham and Shamji 2023).

Although these next-generation strategies differ in their immunological
targets and mechanisms, they share a fundamental requirement: the ther-
apeutic proteins must be produced through gene engineering approaches.
Whether in the form of recombinant allergens, hypoallergenic variants, or
novel fusion proteins, their development relies on molecular biotechnology
platforms capable of providing consistent, safe, and standardized products.
This convergence highlights not only the potential of engineered therapies to
transform allergen immunotherapy, but also the central role of recombinant
protein technology in the future of allergology.

1.6. Molecular allergology: potential adaptations

Having established the molecular mechanisms underlying IgE-mediated
allergies, this section examines specific allergens selected for investigation in
this thesis based on their clinical significance, structural characteristics, and
potential for therapeutic development. These allergens: black tiger shrimp
Penaeus monodon allergen Pen m 4, dog Canis familiaris allergen Can £ 6, and
yellow jacket Vespula vulgaris allergen Ves v 5 represent diverse protein fami-
lies and offer unique opportunities to explore recombinant allergen production
in the eukaryotic expression system.

1.6.1 Food allergy: Penaeus monodon allergen Pen m 4

Shellfish allergies represent one of the most prevalent and persistent food
allergies worldwide, affecting up to 0.2-5% of the population, though regional
rates may reach up to 16% with shrimp being the predominant sensitizing
source (Z Zhang et al. 2023; Johnston et al. 2019). The clinical significance of
shrimp allergies has intensified with expanding global consumption, which
increased 11.2% between 2010-2019, driven by aquaculture production that
reached 98.5 Mt in 2023 - a 70.5% increase since 2010 (Fig. 1.12). Global
consumption of aquatic animals also expanded, rising by 11.2% between 2010
and 2019 (Fig. 1.12b). Shrimp allergy is common in Western countries such
as Europe, the United States and Australia, but appears to be particularly
prevalent in Asian countries where shellfish consumption is higher. Black tiger

shrimp (Penaeus monodon) and Pacific white shrimp (Litopenaeus vannamei)
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are arguably the most important commercially farmed crustaceans based on
FAO data.
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Figure 1.12: World fishery and aquaculture production and consumption statis-
tics provided by FAO via FishStat (see 2.4). (a) Global aquaculture production
statistics from 2010 to 2023 of aquatic animals (fish, crustaceans, mollusks and
others) in inland waters and marine areas by live-weight volume. (b) Global
utilization and apparent consumption of aquatic products (2010-2019).

Current diagnostic approaches for shrimp allergy combine patient’s med-
ical history, SPT, and sIgE measurements. However, even the most widely
used in vitro test InmunoCAP® Shrimp (f24) misdiagnoses patients as it of-
fers high sensitivity but low specificity (Gamez et al. 2011; Johnston et al.
2019). ImmunoCAP® Shrimp (f24) includes raw and cooked extracts from four
shrimp species: Pandalus borealis, Penaeus monodon, Metapenaeopsis barbata
and Metapenaus joyneri. The heterogeneity of shrimp extracts complicates
diagnostics, as allergen content varies with species origin, processing methods,
and storage conditions. Additionally, heat treatment during food preparation
can alter allergen structure and IgE-binding capacity. However, the main
limitation primarily stems from tropomyosin, which despite being the major
allergen, accounting for 70-100% of shrimp allergies, cross-reacts extensively
with other crustaceans, mollusks, and arthropods including house dust mites
and cockroaches. Such cross-reactivity leads to false-positive results in dust
mite- or cockroach-sensitized patients and fails to identify patients with exclu-
sive sensitization to minor allergens (Costa et al. 2022; Papia et al. 2021; Asero,
Pravettoni, et al. 2020).

Among alternative diagnostic targets, sarcoplasmic calcium-binding pro-

tein (SCP) presents compelling advantages. First identified as Pen m 4 in
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P. monodon with its IgE-binding activity demonstrated in L. vannamei, this
20 kDa allergen ellicits positive sIgE responses in 29-50% of shrimp allergic
patients and up to 85% of allergic children (Ruethers et al. 2018; Shiomi et
al. 2008; Ayuso et al. 2009). Importantly, SCP can cause monosensitization
without concurrent tropomyosin reactivity, as demonstrated in occupational
asthma cases (Sogo et al. 2018). This suggests the need for standardization of
allergen content in commercial assays and the need to include less studied
allergens such as arginine kinase, SCP and hemocyanin for improved diagnosis
(Johnston et al. 2019; Lopata et al. 2017).

SCP is a water-soluble protein that mimics the function of the vertebrate
equivalent, parvalbumin. SCPs are members of the EF-hand superfamily
characterized by their common calcium-binding structural motifs. These helix-
loop-helix motifs may undergo a conformational change upon binding to
Ca?*, allowing the proteins either to act as Ca?* sensors/modulators involved
in downstream processes in a Ca?t-dependent manner; or Ca?* buffers that
help maintain free cytosolic Ca?t concentration (Y Gao et al. 2006; White
et al. 2011). Black tiger shrimp SCP, also known as the allergen Pen m 4,
is predicted to have three Ca®" binding sites at positions 18-29, 70-81, and
114-125 as analyzed by the PROSITE program (Hulo et al. 2006; Morii et al.
2013). Previously published studies on the importance of Ca?* binding to
shrimp SCP do not clarify whether all binding sites are relevant for IgE binding,
as is the case for fish parvalbumin (Swoboda et al. 2007). However, it was
shown that IgE reactivity to Pen m 4 was significantly reduced (38-83%) in
the presence of a Ca?t chelating agent (Morii et al. 2013). While recombinant
Pen m 4 has been successfully produced in E. coli with retained IgE reactivity
(Mita et al. 2013), no studies have explored eukaryotic expression systems that
might better preserve native conformational epitopes.

Given these diagnostic limitations and the clinical importance of Pen m 4,
this research aimed to identify optimal production systems for recombinant
Pen m 4 that balance three critical parameters: (i) preservation of native IgE
epitope recognition, (ii) minimal cross-reactivity with non-specific IgE, and
(iii) scalable yields for commercial diagnostic applications.

1.6.2 Pet allergy: Canis familiaris allergen Can f 6

Research indicates an increasing prevalence of pet allergies in developed
nations, emphasizing the concerning association between these allergies and
the development of asthma and rhinitis (Konradsen et al. 2015). In the USA,
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up to 15.7% of those aged six years and older report experiencing allergic
reactions to cats and dogs (Salo et al. 2014). Similarly, Europe demonstrates
a comparable pattern, with dog allergen sensitization averaging 27.2% and
reaching as high as 56.0% in Denmark (LM Heinzerling et al. 2009). Despite
these concerns, dog ownership remains widespread, with recent surveys indi-
cating that approximately 25% of households in Europe and nearly 45.5% in
the USA own at least one dog (FEDIAF 2024; AMVA 2024).

The domestic dog, Canis familiaris, is a significant source of indoor aller-
gens, with allergens sequentially designated from Can f 1 to Can f 8 (Allergen
Nomeclature, accessed on 2025-08-23). These allergens are found in various
biological materials, including dander, sweat, saliva, and urine. Among them,
Canf1, Can f 2, Can f 4, and Can f 6 belong to the lipocalin protein family,
a major group of mammalian aeroallergens ubiquitously present in animals,
plants, and bacteria (Konieczny et al. 1997; Kamata et al. 2007; Mattsson, Lund-
gren, Olsson, et al. 2010; Nilsson et al. 2012; Hilger et al. 2012). In contrast,
Canf3,Canf5, Canf 7, and Can f 8 have been identified as serum albumin,
prostatic kallikrein, Niemann pick type C2 protein, and cystatin A, respectively
(Pandjaitan et al. 2000; Mattsson, Lundgren, Everberg, et al. 2009; Khurana
et al. 2016; Roesner et al. 2022).

In allergology, particularly regarding dog allergies, lipocalin family mem-
bers are significant as they represent cross-reactive molecules that could facili-
tate allergic reactions across various species (Hilger et al. 2012). Lipocalins are
small extracellular molecules characterized by a common tertiary structure
composed of eight anti-parallel 5-strands forming a (3-barrel structure with
one a-helix (Yamamoto et al. 2019). Previous observations show that within
the [3-barrel is a hydrophobic cavity able to bind small hydrophobic molecules
such as retinol, steroids, odorants, and pheromones. These small molecules
are secreted into the environment, gradually releasing odorants and extending
their longevity (Tegoni et al. 2000; Hilger et al. 2012). The prolonged environ-
mental persistence of these molecules enhances their allergenic potential, as
extended-release increases the exposure period for sensitized individuals.

Can f 6 is the most recently characterized lipocalin allergen, identified in
dog saliva and dander (Nilsson et al. 2012; Polovic et al. 2013). Its crystalline
structure classifies it as a polyvalent allergen with highly structure-dependent
epitopes, displaying significant variations in IgE reactivity between its struc-
tured and denatured forms (Yamamoto et al. 2019). Conformational epitopes,

rather than primary sequence identity, are recognized as the leading cause
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of cross-reactivity among allergens (Jimenez-Lopez et al. 2012). Can f 6 sIgE
appear in 38-56% of dog-sensitized subjects; however, that figure can rise to
61% when considering cross-reactivities with other lipocalin allergens like the
cat allergen Fel d 4 and horse allergen Equ ¢ 1 (Nilsson et al. 2012; Hilger et al.
2012; Y] Wang et al. 2017; Yamamoto et al. 2019). These findings underscore
the complex role of Can f 6 in pet allergies and its relevance in cross-species

allergenic responses.

Although the structural significance of lipocalin allergens like Can f 6 is
well-established, until now, it has only been synthesized in E. coli (Nilsson
et al. 2012). Despite its diagnostic potential, recombinant Can f 6 (rCan f 6)
is not universally used for dog allergy diagnosis as allergen extracts from
natural sources — with their inherent limitations — remain the primary basis
for allergy diagnosis and AIT (Valenta, Karaulov, et al. 2018). Progress in
allergy diagnosis and treatment has been notable for allergens related to cats,
grasses, and dust mites. However, advancements in addressing dog allergies
have lagged. Despite the widespread prevalence of dog allergies, research
outcomes on their diagnosis and treatment remain varied and challenging to
standardize (Chan and Leung 2018). Research indicates that the allergen con-
tent in commercially available dog allergen extracts can be highly inconsistent,
with some, like Can f 6, ranging from 3.3% to non-existent. This inconsistency
is especially troubling for Can f 6, which is already one of the least prevalent
allergens in these extracts. In comparison, Can f 1 allergen content averages
8.7% and Can £ 3 at 47.3%, while Can f 6 stands at 1.3%, highlighting its marked
scarcity (Wintersand et al. 2019). Monosensitization to Can f 6 remains an
underexplored area in allergy research, with a singular reported case high-
lighting its significance. This particular instance underscores the pivotal role
of CRD and molecular-based methodologies. Previous studies indicate that
multi-molecular sensitization in dog and horse allergies is associated with
increased severity of rhinitis and asthma. Thus, molecular diagnosis serves not
just as an allergy marker but can also aid clinicians in forecasting the nature
and intensity of clinical symptoms (Uriarte and Sastre 2016; Wintersand et al.
2019).

Allergen component rCan f 6 can be found in InmunoCAP® singleplex and
ALEX® multiplex assays; however, the manufacturers behind these assays did
not disclose the full details of their production, so the expression system used
to produce rCan f 6 cannot be determined. In contrast, other systems — such as
ImmunoCAP® ISAC, Immulite, NOVEOS (HYCOR Biomedical), and various
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indirect enzyme-linked immunosorbent assays or Lateral Flow immunoassays —
do not include Can f 6 in their analysis. Studies comparing allergen components
with extracts for predicting dog allergy severity consistently demonstrate
that measuring sIgE using components provides greater diagnostic accuracy
(Schoos et al. 2021). Substituting traditional allergen extracts with recombinant
or synthetic ones thus represents advancement toward CRD (Curin et al. 2017).

1.6.3 Insect venom allergy: Vespula vulgaris allergen Ves v 5

The majority of insect stings are caused by members of the order Hy-
menoptera, particularly the families Apidae (bees), Formicidae (ants), and
Vespidae (wasps). Exposure is widespread, as 56.6-94.5% of the general popu-
lation has been stung at least once in their lifetime (Carli et al. 2022). Among
venom-sensitized individuals, local allergic reactions are reported in 4.4-4.8%,
whereas life-threatening systemic reactions occur in 2.8% (Blank, Haemmerle,
et al. 2019). Upon re-stings, 52% report a second large local reaction and 24%
experience systemic reactions (Bilo et al. 2019). Insect venom accounts for
20.2-48.2% of anaphylaxis cases across European cohorts (Worm et al. 2014).

Members of the order Hymenoptera can cause allergic reactions, with
clinically relevant stings most often caused by honeybees (Apis mellifera) and
yellow jackets/common wasps (Vespula vulgaris) (Blank, Haemmerle, et al.
2019). Given the risk of repeated stings, especially in rural or occupationally
exposed populations, high-risk patients are recommended VIT. In Europe
and the USA, VIT is performed with allergen extracts derived from natural
venoms, supplied as purified or non-purified preparations and as single-venom
or mixed-venom formulations (Floyd et al. 2023). However, as noted in 1.5.1,
natural allergen extracts are heterogeneous: key allergens may be missing
or underrepresented, preparations can contain cross-reactive proteins, and
CCDs.

Venom procurement is also technically demanding. Insect colonies must
be collected from swarms or nests in the field and transported alive before
freezing. After freezing, collectors must identify the species, separate male
and female insects, since only females can sting, and deliver characterized
insects to specialized laboratories. There, raw venom is collected, refined, and
formulated for subsequent applications; for example, wasp venom is frequently

obtained by hand from each female wasp (Fig. 1.13).
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Collection of live _ Removal of venom sac __ Extraction and preparation
stinging insects by hand of allergen extracts

Figure 1.13: ALK-Abell6 A/S workflow for the collection, extraction, and
processing of wasp venom. Stills adapted from the company’s promotional
video on wasp and bee venom production (alk.net). Image created in Inkscape
(see 2.4).

Naturally sourced venoms show seasonal and annual variability, and their
labor-intensive collection and processing contribute to periodic extract short-
ages. In response to 1-2-year supply interruptions, the American Academy of
Allergy, Asthma & Immunology and the American College of Allergy, Asthma
& Immunology issued recommendations to modify VIT protocols and dosing
and to restrict treatment in lower-risk patients (Floyd et al. 2023; Golden et al.
2017). Recombinant allergens could mitigate these vulnerabilities by provid-
ing standardized composition, scalable production, and independence from
seasonal venom collection.

Yellow jacket venom sacs contain three major allergens: phospholipase A,
hyaluronidase, and antigen 5. These are the principal targets for molecular
allergy diagnostics and AIT. Antigen 5, known as Ves v 5, is the most abundant
venom allergen, representing approximately 8.1% of the venom sac content
(Borodina et al. 2010). Recombinant Ves v 5 has been produced in several
expression systems; however, expression in E. coli typically yields insoluble
aggregates that require in vitro refolding, whereas eukaryotic hosts produce
properly folded variants resembling the native protein (Kischnick et al. 2006;
Schiener et al. 2017).

The allergen component rVes v 5 can be found in InmunoCAP® single-
plex, ImmunoCAP ISAC, and ALEX® multiplex, as well as in Immulite and
other commercial assays; however, the expression systems used to produce
rVes v 5 cannot be determined. Despite its broad availability across platforms,
rVes v 5 belongs to a highly conserved Antigen 5 family, and this sequence
conservation underpins clinically relevant cross-reactivity patterns. Antigen
5 family proteins show 95% sequence identity within the genus Vespula and
58-67% identity to Dolichovespula and Polistes. This explains the high cross-
reactivity within the Vespula genus and only partial cross-reactivity with other
Vespidae family members (UR Miiller 2002). Consequently, Ves v 5 sIgE do
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not specify yellow jacket allergy, but in vitro assay result interpretation of
paired V. vulgaris allergen components can distinguish genuine sensitization.
Mono-sensitization to yellow jacket venom is differentiated by sIgE to Ves v 5
or Ves v 1, as tests with positive sIgE to other V. vespula allergens without Ves
v 1/Ves v 5 sIgE mean that the patient does not have a primary yellow jacket
allergy (U Miiller et al. 2012).

Due to its abundance, clinical relevance, and structural requirements, Ves
v 5 was selected in this study to further evaluate the suitability of P. pastoris

PichiaPink™ as a system for recombinant allergen production.
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2. MATERIALS AND METHODS

2.1. Materials and Resources

2.1.1 Oligonucleotides and plasmid vectors

Table 2.1: List of oligonucleotides

Primer ID Sequence (5’-3%) RE site
pET28a(+) vector based primers

T7_FR TAATACGACTCACTATAGGG

T7_RV GCTAGTTATTGCTCAGCGG

pET28F_P4 ATGGGATCCATGGCTTACTCTT- BamHI
GGGATAAC

pET28R_P4 CTTCTCGAGTTATTGGACAACC- Xhol
TTCAATGGAC

pET28F_C6 ATGGGATCCCACGAAGAAGAA- BamHI
AACGACGTTG

pET28R_C6 CTTCTCGAGTTATTCAGCAGAA- Xhol
GAAACTTGAGC

pET28F_V5 CGGGATCCATGAACAACTACTG- BamHI
CAAGATC

pET28R_V5 GGCACTCGAGTTACTTAGTCTG- Xhol
GTACAG

MBP-TEV DNA sequence based primers

MBP-TEV-dir GATACTAGTATGGGCAGCAGCC- Spel
ATCATCATC (Beul)

MBP-TEV-rev GATTCTAGATGATCCTTGGAAG- Xbal

MBP-TEV-Avrll-

rev

TATAGATTTTC

GATCCTAGGTGATCCTTGGAAG-
TATAGATTTTC
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Table 2.1 (cont.) — List of oligonucleotides

Primer ID Sequence (5’-3’) RE site
MBP-TEV-Seq- CATGCCGAACATCCCGCAGAT
dir
MBP-Stul-dir ATGAGGCCTATGGGCAGCAGCC- Stul
ATCATCATC
pFX7 vector based primers
PYK5 TATTCATTCTTTTTCATCCTTTGG
PGK3 TCCTTACCTTCCAATAATTCCAA-
AC
pPink-aF-HC vector based primers
AOX1-Fr GACTGGTTCCAATTGACAAGC
CYC1-Rv GCGTGAATGTAAGCGTGAC
pPink_oligo_FR CATCACCATCACCATCACCCCGG- Smal,
GATCGGTAC Kpnl
pPink_oligo_ RV CGATCCCGGGGTGATGGTGATGG-  Smal

6xHis-dir

6xHis-rev

TGATG

PFG-PGK1-oF vector based primers

CCTAGGCATCACCATCACCATCAC-
TAA

CTAGTTAGTGATGGTGATGGTGATG-

CCTAGG

Avrll

Avrll

pPink-aF-6xHis-MBP-TEV vector based primers

MBP-Pink-Fr

MBP-Pink-Rv

GATAGGCCTATGGGCAGCAGCCA-
TCATCATC

GATGGTACCGATCCCGGGTGATCC-
TTGGAAGTATAGATTTTC

Gene sequence based primers
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Table 2.1 (cont.) — List of oligonucleotides

Primer ID Sequence (5’-3’) RE site

pPinkMBP_RV P4 TACGGTACCTTATTGGACAACCTT- Kpnl
CAATGG

pPinkMBP_RV C6 TACGGTACCTTATTCAGCAGAAGA- Kpnl
AACTTGAG

pPinkF P4 TACGAGTCTAGTCATGGCTTACTC- Myl
TTGGGATAAC

pPinkR_P4 TACGGTACCTTAATGGTGATGGTGA- Kpnl
TGGTGCCTAGGTTGGACAACCTTCA

pPinkF_Cé6 TACGAGTCTAGTCCACGAAGA- Mlyl
AGAAAACGACGT

pPinkR_Cé6 TACGGTACCTTAATGGTGATGGTGA- Kpnl

TGGTGTTCAGCAGAAGAAACTTGAG

pSF_MBP_FR P4  GATCAATTGCATGGCTTACTCTTGG- Munl
GATAAC

pSF_MBP_RV_P4  GATCAATTGTTATTGGACAACCTT- Munl
CAATGGACC

pSF_MBP_FR_C6 GATGAATTCGCACGAAGAAGAAA- EcoRI
ACGACGT

pSF_MBP_RV_C6 GATGAATTCTTATTCAGCAGAAG-  EcoRI
AAACTTGAGC

RE sites are underlined, "ATG" start codons are colored green, "TTA" end codons are colored

red, and 6xHis sequences are colored blue. Forward primers are marked by: F, FR, dir. Reverse
primers: R, RV, rev. Oligonucleotides are synthesized by Metabion International AG (Planegg,
Germany) or Invitrogen (Glasgow, UK).
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Table 2.2: List of base vectors

Vector

Info

pET28a(+)
pET28a(+)-MBP-TEV

pFX7-6xHis-C

pFX7-6xHis-MBP-
TEV-6xHis

pFG-PGK1-aF

pFG-PGK1-aF-6xHis

pFG-PGK1-aF-6xHis-
MBP-TEV-6xHis

pSF-TEF1-NH2-6xHis-
MBP-TEV
pPink-aF-HC
pPink-aF-6xHis

pPink-aF-6xHis-MBP-
TEV

Novagen, Worcestershire, UK

A gift from Zita Balklava & Thomas Wassmer (Ad-
dgene plasmid #69929; RID:Addgene_69929)

Life Sciences Center, Institute of Biotechnology, Eu-
karyote Gene Engineering Department collection
pFX7-6xHis-C with 6xHis-MBP-TEV fragment, am-

plified from pET28a(+)-MBP-TEV with MBP-TEV-dir
and MBP-TEV-rev primers

Life Sciences Center, Institute of Biotechnology, Eu-
karyote Gene Engineering Department collection
pFG-PGK1-aF with a 6xHis oligo, AvrIl RE site, cre-
ated with 6xHis-dir and 6xHis-rev oligonucleotides
pFG-PGK1-aF-6xHis with 6xHis-MBP-TEV fragment,
amplified from pET28a(+)-MBP-TEV with MBP-TEV-
dir and MBP-TEV-rev primers

Oxford Genetics, Oxford, UK

Thermo Fisher Scientific Baltics, Vilnius, Lithuania

pPink-oF-HC with a 6xHis oligo, Smal and
Kpnl RE sites, created with pPink_oligo_FR and
pPink_oligo_RV oligonucleotides

pPink-aF-HC with 6xHis-MBP-TEV fragment with
Stul and Kpnl RE sites, amplified from pFX7-6xHis-
MBP-TEV-6xHis with MBP-Pink-Fr and MBP-Pink-Rv

primers
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2.1.2 Bacteria and yeast strains

Table 2.3: List of bacterial and yeast strains

Strain Genotype Source

E. coli DH5x F- ©80lacZAM15A(lacZYA-argF)U169 1
recAl endAl hsdR17 (rp—, my+)
phoA supE44 A~ thi-1 gyrA96 relAl

E. coli BL21(DE3) F- ompT hsdSp (rg-, mpg-) gal dem 1
araB::T7TRNAP-tetA

E. coli Rosetta(DE3) F- ompT hsdSp (rg-, mp-) gal dem 1
(DE3) pRARE (Cam®)

S. cerevisiae AH22-214 MATa leu2-3 leu2-112 his4-519 canl 1
[KIL-0] (ATCC™ 38626)

S. cerevisiae MATa leu2-3 leu2-112 his4-519 canl 1

AH22-214Amnn10 [KIL-0]) (ATCC™ 38626) mnn10

K. lactis CBS2359ura3A-WT wild-type ura3-GGI MATa (Ziogiene 1

(WGI) et al. 2019)

K. lactis CBS2359ura3A-WSS  ura3A:KISEC59%405S141% (Ziogiene 1
et al. 2019)

K. lactis relevant genotype pep4 (Ziogiene et al. 1

CBS2359ura3A-WSSApepd  2019)

P. pastoris PichiaPink™ relevant genotype ade2 2

Strain 1

P. pastoris PichiaPink™ relevant genotype ade2 pep4 2

Strain 2

P. pastoris PichiaPink™ relevant genotype ade2 prbl 2

Strain 3

P. pastoris PichiaPink™ relevant genotype ade2 pep4 prbl 2

Strain 4

1 - Life Sciences Center, Institute of Biotechnology, Eukaryote Gene Engineering Department

collection; 2 — Thermo Fisher Scientific Baltics, Vilnius, Lithuania.
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2.1.3 Protein coding sequences

Protein sequence optimization was performed according to Optimum-
Gene™ Codon Optimization Analysis for efficient gene expression in yeast.
Optimized sequences were chemically synthesized by GenScript USA Inc.
(Piscataway, NJ, USA) or General Biosystems (Durham, NC, USA).

» Penaeus monodon Pen m 4 gene coding sequence was obtained from
GenBank (accession no. HM034315.1). The codon optimized Pen m 4
gene sequence (accession no. OP485557) was supplied in pUC57 cloning
vector and designated pUC57/ Pen m 4.

« Canis familiaris Can f 6 gene coding sequence (accession no. HE653774.1)
was obtained from GenBank. The codon-optimized sequence (accession
no. PQ679325) was supplied in a pUC57 cloning vector as pUC57/Can £ 6.

+ Vespula vulgaris Ves v 5 gene coding sequence (acession no. M98858.1)
was obtained from GenBank. The codon-optimized Ves v 5 gene was
supplied in pMA-RQ cloning vector and designated pMA-RQ/Ves v 5.
Optimized sequence (5’ —3’):

AACAACTACTGCAAGATCAAGTGCCTGAAAGGTGGTGTTCACACCGCTTGTAAGTACGGTT
CTTTGAAGCCAAACTGCGGTAACAAGGTCGTTGTCTCCTACGGTTTGACCAAGCAAGAGAA
GCAGGACATCCTGAAAGAGCACAACGACTTCAGACAGAAGATCGCCAGAGGTTTGGAGACT
AGAGGTAACCCAGGTCCACAACCACCAGCTAAGAACATGAAGAACTTGGTCTGGAACGACG
AGTTGGCTTACGTTGCTCAAGTTTGGGCTAACCAGTGTCAATACGGTCACGACACCTGTAG
AGATGTTGCCAAGTACCAAGTTGGTCAGAACGTTGCTTTGACTGGTTCCACTGCTGCTAAG
TACGATGACCCAGTCAAGTTGGTTAAGATGTGGGAAGATGAGGTCAAGGACTACAACCCAA
AGAAGAAGTTCTCCGGTAACGACTTCCTTAAGACCGGTCACTACACTCAGATGGTTTGGGC
CAACACAAAAGAGGTTGGTTGCGGTTCCATCAAGTACATCCAAGAGAAGTGGCACAAGCAC
TACCTGGTCTGTAACTACGGTCCATCCGGTAACTTCATGAACGAGGAACTGTACCAGACTA
AG

2.1.4 Human sera

Human sera for recombinant allergen identification and immunochemical
characterization were tested with either InmunoCAP™, Phadia UniCap™
assays, where sIgE scores below 0.35 kU/L were designated negative, and sIgE
> 0.35 kU/L positive; or IgE ALEX?® Allergy test, where sIgE > 0.30 kU/L is
positive and < 0.30 kU/L is negative.

Serum pools were prepared by combining individual samples into one
mixture used for experiments. Positive-pools were pools combined from sera

with positive IgE for the tested allergen extract but negative for the specific
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allergen; Double-positive pools were pools combined from sera with positive
IgE for both the allergen extract and the specific allergen; Negative-pools were
pools combined from sera negative to IgE Ab.

Samples were purchased from PlasmaLab International (Everett, WA, USA).
Part of the sera used in the experiments with allergen Pen m 4 was acquired
in Lithuania by Imunodiagnostika Ltd. with the permission of the Ethics
Committee for Biomedical Research (Nr. 158200-17-926-430). Samples were
stored at —20 °C before testing.

2.1.5 Bioinformatic and programming tools

Table 2.4: Bioinformatic and programming tools

Service Info

Clustal Omega Multiple sequence alignment tool

https://www.ebi.ac.uk/jdispatc

her/msa/clustalo

Expasy Bioinformatic tool for protein sequence, struc-

https://web.expasy.org ture analysis (Translate, Compute pI/MW,
ProtParam, GlyConnect, PROSITE)

Reverse Complement Reverse complement of DNA sequences

https://www.bioinformatics.org

/sms/rev_comp.html

Multiple Primer Analyzer For analyzing and comparing multiple primer
https://www.thermofisher.com/ sequences simultaneously
It/en/home/brands/thermo-sci

entific/molecular-biology/mol

ecular-biology-learning-center/

molecular-biology-resource-lib

rary/thermo-scientific-web-too

Is/multiple-primer-analyzer.ht

ml

Protpi | Protein Tool Calculates pI and net charge of proteins, as
https://www.protpi.ch/Calculat well as the exact mass and the absorption co-

or/ProteinTool#MolecularMass efficient using the amino acid sequence
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Table 2.4 (cont.) — Bioinformatic and programming tools

Service

Info

Glycosylation Predictor
https://comp.chem.nottingham
.ac.uk/glyco/

Peptide 2.0
https://www.peptide2.com/N_p
eptide_hydrophobicity_hydrop
hilicity.php
Grammarly

https://app.grammarly.com/

ChatGPT
https://chatgpt.com/

Microsoft Excel version 2202
Build 16.0.14931.20648

Python, managed via the Ana-
conda distribution and executed
in the PyCharm integrated devel-

opment environment

Academic Phrasebank
https://www.phrasebank.man
chester.ac.uk/

LaTeX, compiled via the TeXstu-
dio 4.8.5 editor

SnapGene
https://www.snapgene.com/

Inkscape
https://inkscape.org/

Predicts the location of N-linked and O-linked
glycosylation sites from an amino acid se-
quence by random forest algorithm and pair-
wise pattern prediction tool (Hamby and Hirst
2008)

Peptide hydrophobicity and hydrophilicity

analysis tool

English language writing assistant software

tool

Used for proofreading, assisting in writing
bioinformatics code for statistical analysis

Used for statistical analysis

Utilized libraries: pandas and numpy for
data manipulation, scipy.stats and statsmod-
els for statistical testing (including repeated
measures ANOVA and linear mixed models
(LMMs), and matplotlib and seaborn for data

visualization

Resource for academic writing

Used for thesis writing

Software tool for in silico simulation of vari-
ous molecular biology techniques, especially
DNA cloning, sequence analysis, and plasmid
mapping

Open-source vector graphics editor used for
editing all photos in this thesis
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Table 2.4 (cont.) — Bioinformatic and programming tools

Service

Info

Image]
https://imagej.net/ij/

BioRender

https://www.biorender.com/

Diagrams.net (formerly draw.io)

https://app.diagrams.net/

Allergen Nomenclature database

https://allergen.org/

UniProt

https://www.uniprot.org/

RCSB PDB
https://www.rcsb.org/

FishStat
https://www.fao.org/fishery/en/
topic/fishstat

NCBI NIH

https://www.ncbi.nlm.nih.gov/

Open-source image processing program de-
signed for scientific and biomedical image

analysis

Mlustration tool used for creating scientific
figures

Open-source diagram and flowchart tool

Used as a WHO and International union of
Immunological Societies approved allergen

nomenclature database

Database for protein sequence and functional

information

Protein data bank, an open-access repository
of 3D structural data for biological macro-

molecules

FAO FishStat is a open-access source of global
fishery and aquaculture statistics. Datasets
used: Food balance sheets of aquatic prod-
ucts v2023.1.0, Global fishery and aquaculture
production statistics v2025.1.0

Open-access database for various bioin-
formatic tools and datasets (Gene, Nu-
cleotide/Protein, BLAST, Assembly/RefSeq)

2.2. Methods with associated reagents

2.2.1 DNA restriction and dephosphorylation

Buffer solutions and incubation temperature were selected according to

the manufacturer’s recommendations. One unit of RE was used to digest 1

pg of substrate DNA, with a corresponding 10x reaction buffer. The reac-

tion mixtures were incubated for 1-2 h at the optimal temperature for the

RE or overnight at 4 °C. When dephosphorylation was required, one unit

of shrimp alkaline phosphatase (SAP) was added 30 min before the end of
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incubation. After incubation, DNA dye was added to the sample for elec-
trophoretic separation. If the buffer solution was compatible with subsequent
enzymatic reactions and not hindered by degradation products, RE and SAP

were inactivated as recommended by the manufacturer.

Reagents

Restriction enzymes, Shrimp Alkaline

Phosphatase (SAP), DNA Gel Loading Dye (6X) Thermo Fisher Scientific Baltics, Vilnius, Lithuania

2.2.2 Oligonucleotide hybridization

Oligonucleotide hybridization mixture was prepared by combining equal
20 pl volumes of two complementary oligonucleotide DNA sequences (100
pmol/pl), 5 M NaCl and H;O. After gentle mixing, the solution was heated to
95 °C for 10 min and then cooled gradually to RT in a paper towel-insulated
glass beaker. This slow temperature decrease facilitated strand annealing.

Reagents

NaCl Merck, Darmstadt, Germany
Solutions

NaCl sol. 5 M NaCl, stored at 4°C

2.2.3 DNA electrophoresis

DNA electrophoresis was performed on 1% agarose gels containing 0.1-
0.2 pg/ml ethidium bromide. Gels were run horizontally in a TAE buffer at
5 V/cm voltage. DNA bands were visualized using an E.A.SY ® Doc Plus

transilluminator under ultraviolet light.

Reagents
Agarose, TAE buffer Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Ethidium bromide Sigma Aldrich, Hamburg, Germany
Solutions
Agarose sol. 1-2% agarose (w/v) in TAE buffer
Ethidium bromide stock 10 mg/ml ethidium bromide solution

2.2.4 DNA fragment purification from an electrophoresis gel

A clean agarose gel was prepared using a broad-track forming comb, and
the DNA samples were dyed with the SYBR™ Green I Nucleic Acid Gel Stain.
Following electrophoresis, the desired site was marked under blue LED light
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(470 nm; IO Rodeo Mini Transilluminator). According to the manufacturer’s
recommendations, an agarose strip containing a DNA fragment was excised
and purified with the GeneJET Gel Extraction or PCR Purification kits.

Reagents

Agarose, GeneJET Gel Extraction Kit,
GeneJET PCR Purification Kit, Thermo Fisher Scientific Baltics, Vilnius, Lithuania
SYBR™ Green I Nucleic Acid Gel Stain

Solutions

Agarose sol. 1-2% agarose (w/v) in TAE buffer

2.2.5 DNA ligation

The DNA ligation reaction was performed in a ligase buffer solution for
1 h at RT or overnight at 4°C using 5 units of T4 DNA ligase per 1 pg of
ligated DNA. The molar ratio of vector to insert ends in the ligation mixture
ranged from 1:3 to 1:7. When the reaction occurred, the T4 DNA ligase was
inactivated by heating at 65 °C for 10 min. If ligation was unsuccessful, 1 pl
dithiothreitol (DTT) was added to stabilize the T4 DNA ligase. If one of the
components was a hybridized oligonucleotide, or in the case of blunt ends —
< 5% PEG 4000 was added to the ligation mixture.

Reagents
T4 DNA Ligase, PEG 4000, DTT Thermo Fisher Scientific Baltics, Vilnius, Lithuania

2.2.6 Polymerase chain reaction (PCR)

PCR was used for colony screening and amplification of DNA fragments
using primers listed in Table 2.1 under conditions listed in Table 2.9.

« Colony PCR: bacterial colonies were picked directly from Petri plates
and suspended in the reaction mixture containing buffer, ANTPs, MgCl,,
Taq DNA polymerase, and primers. Yeast colonies were lysed before
PCR by suspending the colony in 10 pl of H;O, adding 5 pl lyticase
(5 U/ul) or zymolyase (0.5 U/pl), incubating for 10 min at 30°C, and
freezing for 10 min at —80 °C. The lysed cells were used for PCR.

« Fragment amplification PCR: DNA fragments were amplified using
Phusion™ HF Buffer, ANTPs, Phusion™ High-Fidelity DNA Polymerase,

primers, and the target vector.
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Table 2.9: Thermal cycling parameters used for colony PCR screening (Con-
ditions 1) and DNA fragment amplification (Conditions 2). Primer extension
time was adjusted according to target length.

Step Temperature Conditions 1 Conditions 2
Initial denaturation 98°C 2 min 30s
Denaturation 94°C/98°C 30s 10s
Primer annealing 55°C 30s 30s
Primer extension 72°C 30-100s 15-30s
DNA polymerization 72°C 10 min 10 min
Final hold 4°C 00 00
Cycles - 32 32

Reagents

Taq DNA polymerase kit, INTP mixture,

MgCly, Phusion™ High-Fidelity DNA
Polymerase kit
Lyticase
Zymolyase
Solutions

Lyticase sol. (5 U/ml)
Zymolyase sol. (0.5 U/ml)

Thermo Fisher Scientific Baltics, Vilnius, Lithuania

Sigma Aldrich, Hamburg, Germany
Seikagaku Corporation, Tokyo, Japan

5000 U/ml lyticase mixed with PBS + 5% glucose
20000 U/g zymolyase mixed with PBS + 5% glucose

2.2.7 Plasmid DNA purification from E. coli

The target bacterial colony was grown in an LB medium containing the

appropriate antibiotic at 37 °C for 16 h with shaking. Cells were harvested by

centrifugation for 7 min at 3000 rpm (Eppendorf Centrifuge, model 5810R);

the supernatant was decanted. Plasmid DNA was purified using one of the

following methods:

« the pellet was processed with the GeneJET Plasmid MiniPrep Kit fol-
lowing the manufacturer’s protocol.

+ the pellet was resuspended in the residual medium and lysed by adding

10 volumes of NaOH-SDS solution. The mixture was gently inverted

several times and neutralized with an equal volume of NaAc (pH 4.8),

mixed, and incubated at —20 °C for 8 min. Chloroform (0.5 volumes)

was added, and the sample was mixed and centrifuged for 10 min at

13200 rpm (Eppendorf Centrifuge, model 5415D). The aqueous phase was

recovered, mixed with 0.8-1 volume of isopropyl alcohol, and incubated

for 5 min at —20 °C. The sample was centrifuged for 5 min at 13200
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rpm. The precipitate was washed with cold 70% ethanol, which was
then carefully decanted. The pellet was air-dried at 37°C or RT and

dissolved in nuclease-free water containing RNase A (5 mg/ml).

the pellet was resuspended in the residual solution and lysed by the
addition of 1 pl glycogen, 7.5 M NH4OAc at half the sample volume,
and 100% ethanol at 2.5 x (sample + NH;OAc) volume. The sample was
mixed gently and incubated for 1 h (or overnight) at —20 °C. The sample
was centrifuged at 13200 rpm in 4 °C for 30 min (Eppendorf Centrifuge,
model 5810R). The supernatant was discarded without disturbing the
pellet. The pellet was washed twice with 150 pl 70% ethanol, each
followed by centrifugation for 2 min at 13200 rpmin 4 °C. The remaining
ethanol was removed, and the pellet was air-dried at RT for 5-10 min,
then resuspended in 50-100 pl of water by pipetting 30-40 times.

DNA concentration was determined by spectrophotometry (NanoDrop

2000 UV Visible Spectrophotometer).

For pPink-aF-HC vector-based plasmids, plasmid purification after colony

PCR (see 2.2.6) was performed directly from liquid cultures. Colonies were

not pre-cultured on agar plates but were instead inoculated directly into the

LB media containing the appropriate antibiotic and incubated overnight, as

pre-culturing prevented efficient plasmid purification.

Reagents
Luria Bertani (LB) media, ampicillin, kanamycin
sulphate, GeneJET Plasmid MiniPrep Kit, Thermo Fisher Scientific Baltics, Vilnius, Lithuania
glycogen, 2-propanol, RNase A
Sodium dodecyl sulphate (SDS) Carl Roth, Karlsruhe, Germany
NaAc, NH;OAc, chloroform Sigma Aldrich, Hamburg, Germany
Ethanol Honeywell, Charlotte, NC, USA
Solutions
LB media (pH 7.0) 25 g/L LB media, autoclaved at 1 atm for 20 min
NaOH-SDS sol. 1% SDS (v/v), 0.2 M NaOH
NaAc sol. (pH 4.8) 3 M NaAc, stored at 4 °C
NH4OACc sol. 7.5 M NH4OAc, stored at 4 °C
Ethanol sol. 70% ethanol (v/v), stored at —20 °C
Kanamycin sol. 50 mg/ml, stored at —20 °C
Ampicillin sol. 50 mg/ml, stored at —20°C
RNase sol. (5 mg/ml) 10 mg/ml RNase, stored at —20°C
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2.2.8 Preparation of chemically competent E. coli cells and
transformation via heat shock

« Large batch preparation: 25 ml LB media was inoculated with the
desired strain and incubated overnight at 37 °C with shaking. The
overnight culture (25 mL) was then used to inoculate 500 ml of fresh LB
medium in a 2 L flask, which was incubated at 37 °C with shaking until
an OD of 0.6-0.7 was reached. The cells were harvested by centrifugation
at 3000 rpm for 10 min in 4 °C (Beckman J-6B centrifuge). All subsequent
steps were carried out on ice. The supernatant was discarded, and the
pellet was gently resuspended in 25 ml of ice-cold 100 mM CaCl,. The
suspension was transferred to a 50 ml Falcon tube and centrifuged
at 3000 rpm for 10 min at 4 °C (Eppendorf Centrifuge, model 5810R).
The supernatant was discarded, and the cells were resuspended in 25
ml ice-cold CaCl; and incubated overnight at 4 °C. After incubation,
the cells were collected under the same conditions, the supernatant
was removed, and the cells were gently resuspended in 5 ml of 4:1
CaCl;:Glycerol solution. Chemically competent cells were aliquoted

into sterile Eppendorf tubes and stored in —80 °C.

« Small batch preparation: the overnight culture was diluted in a ratio
of 1:20-100 in fresh selective LB media and incubated at 37 °C with
shaking for 2-3 h. All subsequent steps were carried out on ice. Cells
were collected by centrifugation at 4 °C for 8 min at 2000 rpm (Eppendorf
Centrifuge, model 5810R) and washed with ice-cold NaCl solution. After
centrifugation under the same conditions, cells were resuspended in a
three-fold volume of cold CaCl, solution and incubated for 1 h in an ice
bath. After incubation, the cells were pelleted by centrifugation under
the same conditions, the supernatant was decanted, and the cells were

resuspended and used for transformation.

+ Transformation: a mixture of competent cells and DNA was incubated
for 30 min in an ice bath, followed by a 1.5 min heat shock in a 42°C
water bath. The mixture was then cooled for 10 min in an ice bath and
diluted with an RT LB medium lacking antibiotics. After incubation at
37 °C for 10-60 min, the cells were collected by centrifugation for 3 min
at 4500 rpm (Eppendorf Centrifuge, model 5415D). The supernatant was
decanted, and the cells were resuspended and plated onto selective LB
agar. Plates were incubated at 37 °C for 12-18 h.
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Reagents

Luria Bertani (LB) media, ampicillin,

. Thermo Fisher Scientific Baltics, Vilnius, Lithuania
kanamycin sulphate, glycerol

Sigma Aldrich, Hamburg, Germany

CaCly ApppliChem, Darmstadt, Germany

Solutions, autoclaved at 1 atm for 20 min

LB media (pH 7.0) 25 g/L LB media

Kanamycin sol. 50 mg/ml, stored at —20°C
Ampicillin sol. 50 mg/ml, stored at —20°C
CaCl; sol. 100 mM CaCly, stored at 4°C

100 mM CaCl, mixed with glycerol in a ratio of

CaCl,:Glycerol sol. 4:1, stored at —20°C

2.2.9 Preparation of chemically competent S. cerevisiae cells
and transformation via heat shock

The yeast strain used for transformation was inoculated into the YEPD
medium and grown overnight at 30 °C with shaking. The overnight culture
was diluted 1:100 in fresh YEPD media and incubated for 3 h at 30 °C with
shaking. Cells were centrifuged for 5 min at 2000 rpm (Eppendorf Centrifuge,
model 5810R), and the supernatant was decanted. The pellet was resuspended
in TE-LiAc buffer and incubated for 1 h at 30 °C. After incubation, the sample
was centrifuged under the same conditions, the supernatant was removed,
and the pellet was resuspended in the residual buffer. The cell suspension
was mixed with plasmid DNA at a 3:1 ratio and incubated for 30 min at RT.
Two volumes of PEG were added, and the mixture was incubated for 1 h at
30 °C. Following incubation, the sample was subjected to a heat shock inat
42 °C water bath for 15 min. The cells were suspended in YEPD medium and
incubated overnight at 30 °C. The next day, the cells were pelleted (Eppendorf
Centrifuge, model 5415D) and plated onto selective YEPD agar, followed by
incubation at 30 °C for two days. Several resulting colonies were subsequently
streaked onto high-selectivity YEPD-Ag plates and incubated for an additional
two days at 30 °C.

Reagents
Agar, D-glucose, TRIS-HCI Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Yeast extract, soy peptone AppliChem, Darmstadt, Germany
LiAc, EDTA Sigma Aldrich, Hamburg, Germany
Polyethyleneglycol 4000 (PEG-4000) Serva, Heidelberg, Germany
Ethanol Honeywell, Charlotte, NC, USA
37% formaldehyde sol. Amresco, Solon, OH, USA

Solutions, autoclaved at 1 atm for 20 min
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1% yeast extract, 2% dextrose/glucose, 2% peptone
(all w/v); for YEPD-Ag add 1.5-2% agar (w/v); autoclaved
both at 0.8 atm for 30 min

YEPD (yeast, extract, peptone,
dextrose) media

EDTA stock (ph 8.0) 0.5 M EDTA

TE buffer (ph 7.5) 10 mM TRIS-HCL, 1 mM EDTA
TE-LiAc sol. (ph 7.5) 100 mM LiAc in TE buffer

PEG sol. 50% (w/w) PEG-4000 in TE buffer

2.2.10 Preparation of electrocompetent P. pastoris cells and
transformation via electroporation

The yeast strain used for transformation was inoculated into the YEPD
medium and grown for 2 days at 30 °C with shaking. The overnight culture
was diluted 1:100 in fresh YEPD media and grown overnight until an OD of 1.3-
1.5 was reached. Cells were pelleted at 1500 rpm for 5 min at 4 °C (Eppendorf
Centrifuge, model 5810R), and the supernatant was discarded. The pellet was
washed twice with ice-cold sterile water, with centrifugation performed under
the same conditions. After removal of the residual medium, the pellet was
resuspended in 10 ml 1 M D-sorbitol. Cells were centrifuged again, and the
supernatant was removed. The final pellet was resuspended in fresh 1 M
D-sorbitol to a final volume of 500 pl.

Electroporation was done by mixing 80 pl of electrocompetent yeast cells
with 5-10 pg of linearized plasmid DNA. The mixture was transferred to pre-
chilled electroporation cuvettes and incubated on ice for 5 min. Electroporation
was carried out at 1.5 kV, 200 €, 25 pF, with a pulse duration of = 5 ms.

Immediately after pulsing, the cells were resuspended in YPDS medium
and incubated at 30 °C for 2 h. Post-incubation, cells were pelleted by cen-
trifugation at 3000 rpm for 1 min (Eppendorf Centrifuge, model 5415D) and
plated onto PAD-Ag plates. The plates were incubated at 30 °C for 3-10 days
until distinct colonies appeared. Selected white clones were restreaked onto
fresh PAD-Ag plates and grown for 2 days at 30 °C.

Reagents
Agar, D-glucose, Thermo Fisher Scientific Baltics, Vilnius, Lithuania
CMS-Ade (Powder) MP Biomedicals, Irvine, CA, USA
Yeast extract, soy peptone AppliChem, Darmstadt, Germany

D-sorbitol, yeast nitrogen base

without amino acids, D-biotin Sigma Aldrich, Hamburg, Germany

Solutions, autoclaved at 0.8 atm for 30 min

YEPD (yeast, extract, peptone, 1% yeast extract, 2% dextrose/glucose, 2% peptone ( all w/v);

dextrose) media for YEPD-Ag 1.5-2% agar (w/v) was added
D-sorbitol sol. 1 M D-sorbitol, autoclaved at 1 atm for 30 min, stored at 4 °C
Biotin sol. 0.02% D-biotin (w/v), filtrated with 0.2 pm filter, stored at 4 °C
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YPDS (yeast extract, peptone, y \i iy oo ito] in YEPD media
dextrose, sorbitol) media
13.4 g/L YNB-aa (w/v), 1.25 g/L. CMS-Ade (Powder), 2% agar (w/v),

PAD-Ag 5 mg/ml biotin, 2% D-glucose (v/v)

2.2.11 Induction of recombinant protein expression in E. coli

Five colonies were scraped from the transformation plate, resuspended in
3-5 ml of selective LB medium, and grown overnight. The resulting suspension
was diluted 1:20-100 times in fresh selective LB medium and incubated at 37 °C
with shaking until an OD of 0.6 was reached. The cells were transferred to
an ice bath for 5-10 min and then induced with the IPTG solution to a final
concentration of 1 mM (0.5 mM for rVes v 5). Induction was carried out
overnight (for 3 h for rMBP-Ves v 5) at 24 °C (30 °C for rVes v 5 and rMBP-
Ves v 5). Cells were collected by centrifugation at 4000 rpm for 20 min at 4°C
(Beckman Coulter, j-26 xpi).

Reagents

Luria Bertani (LB) media, ampicillin,

. Thermo Fisher Scientific Baltics, Vilnius, Lithuania
kanamycin sulphate

IPTG Invitrogen™, Carlsbad, CA, USA
Solutions
LB media (pH 7.0) 25 g/L LB media, autoclaved at 1 atm, 20 min
Kanamycin sol. 50 mg/ml, stored at —20 °C
Ampicillin sol. 50 mg/ml, stored at —20°C
IPTG stock 1 M IPTG, stored at —20°C

2.2.12 Induction of recombinant protein expression in S. cere-
visiae

The yeast S. cerevisiae, transformed with a plasmid carrying the gene
of interest, was cultured for 16-24 h in selective YEPD media. Galactose
solution (10%) was then added to one-quarter of the total culture volume to
induce expression. Induction was carried out for up to 16-18 h. Following
induction, the cells were pelleted by centrifugation for 5 min at 3000 rpm at
4 °C (Beckman Coulter, j-26 xpi). The supernatant was decanted, and the yeast
biomass was collected and stored at —20°C.

Reagents
D-glucose Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Yeast extract, soy peptone AppliChem, Darmstadt, Germany
Galactose VWR Chemicals, London, UK
37% formaldehyde sol. Amresco, Solon, OH, USA

Solutions, autoclaved at 0.8 atm for 30 min
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YEPD (yeast, extract, peptone,

- 1% 2% 1 2% 1
dextrose) media % yeast extract, 2% dextrose/glucose, 2% peptone (all w/v)

YEP (yeast extract, peptone)

induction media 2% yeast extract, 6% dextrose/glucose, 4% peptone (all w/v)

2.2.13 Induction of recombinant protein expression in P. pas-
toris

The P. pastoris expression system was designed to secrete recombinant
proteins into the culture media. Therefore, the supernatant was carefully
saved and stored at 4 °C following the last centrifugation step. Yeast biomass

was also collected when a more detailed analysis was required.

« For small-scale induction: single colonies were used to inoculate
10 ml of BMGY medium in 125 ml flasks and incubated at 30 °C with
shaking at 250-300 rpm for 1-2 days. The culture was transferred to 50 ml
conical tubes, and the cells were harvested by centrifugation for 5 min
at 1500 rpm (RT) (Eppendorf Centrifuge, model 5810R). After removal
of the supernatant, the pellet was resuspended in 3 ml of BMMY media
and transferred to a 50 ml Falcon tube. The suspension was incubated
overnight at 30 °C with shaking. A 100 pl aliquot was withdrawn the
following day for analysis. Methanol was added to a final induction
concentration of 0.5%, and the culture was returned to 30 °C for an
additional 24 h. Cells were then harvested by centrifugation for 10
min at 1500 rpm. Additional 100 pl samples were collected at defined

intervals to monitor induction kinetics.

« For large-scale induction: single colonies were used to inoculate 12 ml
of BMGY media in 100 ml baffled flasks and incubated at 30 °C with
shaking for 2 days. The 12 ml culture was used to inoculate 500 ml
of BMGY media in 2 L baffled flasks and incubated at 30 °C until an
OD of 5-6 was reached (approximately 9 h). The cells were harvested
by centrifugation at 3000 rpm for 5 min in sterile bottles (Beckman
J-6B centrifuge). The supernatant was removed, and the pellet was
resuspended in 100 mL of BMMY medium in 1 L baffled flasks to initiate
induction. The culture was incubated at 30 °C with shaking. After
24 h, 100% methanol was added to a final concentration of 0.5%, and the
cultures were incubated for an additional 24 h. The cells were harvested
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by centrifugation for 20 min at 3000 rpm (RT) (Eppendorf Centrifuge,

model 5810R).
Reagents
D-glucose, glycerol Thermo Fisher Scientific Baltics, Vilnius, Lithuania
CMS-Ade (Powder) MP Biomedicals™, Irvine, CA, USA
Yeast extract, soy peptone AppliChem, Darmstadt, Germany
Methanol Honeywell, Charlotte, NC, USA

D-sorbitol, yeast nitrogen base

without amino acids, D-biotin Sigma Aldrich, Hamburg, Germany

Solutions

Biotin sol. 0.02% (w/v) D-biotin, filtered with 0.2 pm filter, stored at 4°C

1% yeast extract (w/v), 2% peptone (w/v), autoclaved at 0.8 atm for
30 min; when RT 100 mM potassium phosphate buffer was added,
1.34% YNB-aa (v/v), 0.00004% biotin (v/v), and 1% glycerol (v/v)

BMGY (buffered glycerol-complex
medium)

1% yeast extract (w/v), 2% peptone (w/v), autoclaved at 0.8 atm for

BMMY (buffered methanol-complex 30 min; when RT 100 mM potassium phosphate buffer was added,

medium) 1.34% YNB-aa (v/v), 0.00004% biotin (v/v), and 0.5% methanol (v/v)
Potassium phosphate buffer 132 ml 1 M K;HPO4 + 868 ml 1 M KH,POy; adjust pH; autoclaved
(pH 6.0) 1 atm, 20 min

YNB-aa sol. (yeast nitrogen base

- 1 o
without amino acids) 13.4% YNB-aa (w/v), filtered with 0.2 pm filter, stored at 4 °C

2.2.14 Protein SDS-PAGE and polyacrylamide gel staining

The separation matrix consisted of a 14% or 12% polyacrylamide gel over-
laid with a lower-concentration stacking gel in a vertical electrophoresis
chamber (Hoefer™ Dual Gel Caster) containing Tris-glycine/SDS running
buffer (Rotiphorese®). Electrophoresis was carried out at a constant current
of 60 mA (170 V) for approximately 55 min. Upon completion, the gel was
immersed in Coomassie staining solution with gentle agitation for 1 h, then
washed in 5% acetic acid for at least 2 h under the same conditions.

Note: for 14% SDS-PAGE analyses performed with Pierce™ Unstained
Protein MW Marker #26610, protein size assignment was based on apparent
migration and was interpreted in conjunction with the theoretical MW of the
target proteins, WB results, and additional comparative SDS-PAGE analyses
using other MW markers.

Reagents

Acrylamide/Bis-acrylamide (29:1), Sodium
dodecyl sulphate (SDS), TEMED,
ammonium persulfate (APS),
Rotiphorese® 10x SDS-PAGE buffer
TRIS-HC], 2-propanol Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Coomassie Brilliant Blue R-250 Sigma Aldrich, Hamburg, Germany

Carl Roth, Karlsruhe, Germany
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Acetic acid Chem Pur, Piekary Slaskie, Poland

Ethanol Honeywell, Charlotte, NC, USA
Solutions
Tris-HCl/SDS sol. (pH 8.8) 1.5 M Tris-HCl, 0.4% SDS (w/v)
Tris-HCl/SDS sol. (pH 6.8) 0.5 M Tris-HCI, 0.4% SDS (w/v)
APS sol. 10% ammonium persulfate (w/v)
For one gel: 2.2 ml Acrylamide/Bis acrylamide sol.,
12% separation gel sol. 1.38 ml Tris-HCI/SDS sol. (pH 8.8), 1.93 ml H,O

18.4 ul APS sol., 3.7 ul TEMED

For one gel: 3 ml Acrylamide/Bis acrylamide sol.,
14% separation gel sol. 1.67 ml Tris-HCI/SDS sol. (pH 8.8), 1.68 ml H,O

64.3 pl APS sol., 6.4 ul TEMED

For one gel: 0.24 ml Acrylamide/Bis acrylamide sol.,
Stacking gel sol. 0.46 ml Tris-HCI/SDS sol. (pH 6.8), 1.12 ml H,O
9.2 ul APS sol., 1.84 ul TEMED

50% ethanol (v/v), 0.07% Coomassie brilliant blue

Coomassie staining sol. R-250 (w/v), 10% acetic acid (v/v)

2.2.15 E. coli cell lysis for protein purification

All procedures in this protocol were performed at 4 °C. Following the final
centrifugation, the clarified lysate was collected for downstream analysis and
stored at 4 °C for short-term use or —20 °C for long-term storage. The pellet
was resuspended in 300 pl lysis buffer and stored under the same conditions.

+ Preparation of cleared lysates under native conditions. E. coli
biomass was suspended in Lysis buffer at a 1:4 (w/v) ratio, and PMSF
was added to the final concentration of 1 mM. The lysate was sonicated
using a probe sonicator (Bandelin, model UW3100) operating at 20 kHz
and 60% amplitude in 15-second pulses with 15-second rest intervals for
2-5 min. Cells were pelleted by centrifugation at 13200 rpm for 30 min
(Eppendorf Centrifuge, model 5425R).

Lysis buffer No. 2 was used for rPen m 4 and rCan f 6 variants, while
lysis buffer No. 1 was used for rMBP-Ves v 5.

+ Preparation of cleared lysates under denaturing conditions. E. coli
biomass was suspended in Lysis buffer B at 8 ml per gram wet weight,
and PMSF was added to the final concentration of 1 mM. Lysis was car-
ried out for 4 h on a rocking shaker (MR-1 Rocker-Shaker, Biosan). The
mixture was centrifuged at 10000 rpm for 30 min (Eppendorf Centrifuge,
model 5425R).
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Reagents
NaH,PO4 x2H,0, NaCl Merck, Darmstadt, Germany

2-propanol, TRIS-HCI Thermo Fisher Scientific Baltics, Vilnius, Lithuania
HEPES Carl Roth, Karlsruhe, Germany
PMSF, imidazole, urea Sigma Aldrich, Hamburg, Germany

Solutions

Lysis buffer (pH 8.0) under
native conditions, No 1
Lysis buffer (pH 8.0) under
native conditions, No 2

Lysis buffer B (pH 8.0) under
denaturing conditions

50 mM NaH,PO4 x 2 H>0, 300 mM NaCl, 10 mM imidazole
50 mM HEPES, 300 mM NaCl, 10 mM imidazole
100 mM NaH,PO4 x 2 H,0, 10 mM Tris-HCI, 8 M urea, 10 mM imidazole

PMSF stock (pH 7.2) 20 mM PMSF in isopropyl alcohol, stored at —20°C

2.2.16 Mechanical tearing of yeast cells

All procedures in this protocol were performed at 4 °C. To the collected
yeast biomass, an equal volume of glass beads and twice the volume of ice-cold
lysis buffer were added. Yeast cells were lysed by vigorous shaking on an orbital
shaker (Vortex-Genie 2, Scientific Industries Inc.) in 30-second intervals with
30-second rest periods for 10 min (10 cycles). The whole procedure lasts 10 min
(10 cycles). The lysate was centrifuged at 2000 rpm for 10 min (Eppendorf
Centrifuge, model 5810R). The clarified lysate was collected for downstream
studies and stored at 4 °C for short-term use or —20 °C for long-term storage.

Reagents
NaH,PO4 % 2 H,0, NaCl Merck, Darmstadt, Germany
Na,HPO4 Carl Roth, Karlsruhe, Germany
2-propanol Thermo Fisher Scientific Baltics, Vilnius, Lithuania
PMSF, EDTA Sigma Aldrich, Hamburg, Germany

Solutions
Lysis sol. 2 mM PMSF, 2 mM EDTA in PBS
PMSF stock (pH 7.2) 20 mM PMSF in isopropyl alcohol, stored at —20°C
EDTA stock (pH 8.0) 0.5 M EDTA, autoclaved at 1 atm for 20 min

0.08 M Na;HPOy, 0.024 M NaH,PO4 %<2 H,0,

PBS buffer (pH 7.5) 0.099 M NaCl, filtered with 0.2 pm filter,

autoclaved at 1 atm for 20 min

2.2.17 Rapid total protein extraction from yeast by alkaline
lysis

A 100 pl aliquot of overnight (or extended) yeast suspension was collected,
and the cells were pelleted by centrifugation for 1 min at 13200 rpm (Eppendorf
Centrifuge, model 5415D). The supernatant was decanted, and the pellet was
resuspended in 200 pl of the lysis solution. After incubating cells for 5-10 min,
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cells were centrifuged for 1 min at 4000 rpm. The supernatant was removed,
and the cells were gently resuspended in 100 pl of 1x protein-dye solution.
Samples were boiled for 5-10 min at 100 °C, and cell debris was pelleted by
centrifugation for 1 min at 8000 rpm. A 2-4 pl aliquot of the supernatant was

carefully collected without disturbing the pellet and loaded onto a PAA gel.

Reagents
TRIS-HC, glycerol Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Bromphenol blue Merck, Darmstadt, Germany
NaOH Standard, Lublin, Poland
Sodium dodecyl sulphate (SDS) Carl Roth, Karlsruhe, Germany
Mercaptoethanol Sigma Aldrich, Hamburg, Germany

Solutions
Lysis sol. 0.2 M NaOH
Tris-HCl sol. (ph 7.5) 1 M TRIS-HCI, stored at 4°C

100 mM Tris-HCI, 4% SDS (w/v), 0.1-0.2% Bromphenol

2x protein dye blue (w/v), 20% glycerol (w/w), and 10% mercaptoethanol (v/v)

added just before use

2.2.18 Manual Ni-NTA batch purifications

Before use, the Ni-NTA resin was equilibrated by centrifugation at 1000
rpm for 30-60 s (Eppendorf Centrifuge, model 5810R). The supernatant was
carefully removed, and the resin was washed twice with two volumes of lysis
buffer. After each wash, the resin was pelleted under the same conditions.
Following equilibration, the agarose was immediately mixed with the clarified
lysate.

+ Ni-NTA purification under native conditions. The resin-lysate
suspension was incubated in 4°C for 2 h on a rocker shaker (MR-1
Rocker-Shaker, Biosan). The solution was centrifuged at 1000 rpm for
30-60 s (Eppendorf Centrifuge, model 5810R) and loaded to a gravity
flow column with the bottom outlet capped. After removing the cap,
the column flow-through was collected for subsequent analysis. The
resin was washed three times with two volumes of Wash Buffer per
resin volume: the first wash included a 10-minute incubation, while the
second and third were performed without incubation. Bound protein
was eluted by adding one resin volume of Elution buffer, incubating
for 10 min, and collecting the eluate; this step was repeated once. Ten

additional elution fractions were collected with 2 min incubations each.

« Ni-NTA purification under denaturing conditions. The resin-lysate
suspension was incubated overnight in 4 °C on a rocker shaker (MR-1
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Rocker-Shaker, Biosan). The solution was centrifuged at 1000 rpm for
30-60 s (Eppendorf Centrifuge, model 5810R) and loaded to a capped
column. After uncapping, the column flow-through was collected for
subsequent analysis. The resin was washed sequentially with dena-
turing Wash buffers C, C1, D, D1, and D2, each applied at two resin
volumes. Four sequential washes were performed for each buffer: the
first wash without incubation, the second with a 5 min incubation, and
the third and fourth without incubation. Bound protein was eluted us-
ing Elution buffer at half the resin volume per fraction. The first eluate
was collected immediately without incubation; the subsequent eight to
fifteen fractions were each incubated for 5-15 min before collection.

Reagents
NaH,PO4 x 2 H,0, NaCl Merck, Darmstadt, Germany
TRIS-HCI Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Ni-NTA agarose QIAGEN, Hilden, Germany
Imidazole, urea Sigma Aldrich, Hamburg, Germany

Solutions
Wash buffer (pH 8.0) 50 mM NaH,;PO4 x 2 H,0, 300 mM NaCl,
under native conditions 10 mM imidazole
Elution buffer (pH 8.0) 50 mM NaH,PO4 x2H,0, 300 mM NaCl,
under native conditions 250 mM imidazole
Lysis buffer B (pH 8.0) 100 mM NaH,PO4 x 2 H,0, 10 mM Tris-HCl, 8 M urea,
under denaturing conditions 10 mM imidazole
Wash buffer C (pH 6.3) 100 mM NaH,PO4 x2H,0, 10 mM Tris-HCI, 8 M urea,
under denaturing conditions 20 mM imidazole
Wash buffer C1 (pH 6) 100 mM NaH;PO4 X2 H,0, 10 mM Tris-HCl, 8 M urea,
under denaturing conditions 20 mM imidazole
Wash buffer D (pH 5.9) 100 mM NaH,PO4 x 2 H,0, 10 mM Tris-HCI, 8 M urea,
under denaturing conditions 50 mM imidazole
Wash buffer D1 (pH 5.5) 100 mM NaH,PO4x2H,0, 10 mM Tris-HCI, 8 M urea,
under denaturing conditions 50 mM imidazole
Wash buffer D2 (pH 5.0) 100 mM NaH,PO4 x 2 H,0, 10 mM Tris-HCI, 8 M urea,
under denaturing conditions 100 mM imidazole
Elution buffer E (pH 4.5) 100 mM NaH,PO4x2H,0, 10 mM Tris-HCI, 8 M urea,
under denaturing conditions 250 mM imidazole

2.2.19 Purification of proteins using ZYMO Reasearch columns

Protein purification using the His-Spin Protein Miniprep™ and MBP-Spin
Protein Miniprep Kit™ was done according to the manufacturer’s instructions.
Purification was conducted from E. coli clarified lysate or supernatant, as well

as from yeast clarified lysate, supernatant, or culture medium.
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Reagents

His-Spin Protein Miniprep™

MBP-Spin Protein Miniprep Kit™ Zymo Research, Irvine, CA, USA

2.2.20 Protein dialysis

The dialysis procedure involved several preparatory steps, including as-
sessing the protein’s isoelectric point (pI), molecular weight (MW), and other
factors that could impact protein stability. An appropriate dialysis buffer was
selected based on the protein’s pI and the intended purpose of dialysis. A
dialysis membrane with a molecular weight cut-off (MWCO) matching the pro-
tein’s size was also chosen. The dialysis buffer volume was typically 200-500
times that of the protein sample.

Buffer selection was dependent on both the target protein and the intended
application:

« Ion exchange purification: dialysis buffer was selected to ensure
the protein acquired a charge opposite to the chromatography resins.
Adjusting the pH below or above the protein pl induces a positive charge
when pH < pI and a negative charge when pH > pl, thereby enabling
binding to the oppositely charged resin.

+ Ni-NTA purification: for effective binding of His-tagged proteins,

dialysis was done in buffers with pH values ranging from 7.6 to 9.0.

+ Protein refolding after purification under denaturing conditions:
stepwise dialysis, usually three steps. The sample was dialyzed sequen-
tially against refolding buffers with progressively lower denaturant

concentrations to gradually restore the protein to its native state.

All dialysis buffers were chosen so that their pH differed by at least one unit
from the protein’s pI and, where possible, remained within a physiologically
relevant range to avoid pH extremes.

Dialysis procedure: before use, dialysis membranes were pretreated by
immersion in deionized water and microwaved until boiling. The membranes
were left to sit in the hot water for 1 min, then rinsed with deionized water to
cool. Once one membrane end was sealed, the protein sample was carefully
transferred inside. For P. pastoris culture media, samples were filtered through
a 0.45 pM pore PVDF membrane before dialysis. After transferring, the mem-
brane was sealed and submerged in a dialysis buffer. Dialysis was conducted at
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4 °C with slow stirring using a magnetic mixer (Rotilabo®-heating magnetic
stirrer MH15). The buffer was replaced after 2-3 h, again after 2-5 h, and
left overnight. Depending on the protein, dialysis was either completed or
continued for an additional day with another buffer change after 3-5 h.

If the protein concentration is too low, dialysis fractions were concentrated

with Pierce™ protein concentrators of specific MWCO.

Reagents

Stericup Quick Release-HYV sterile vacuum
filtration system, NaH;PO4 X2 H,0, NaCl
TRIS-HC], glacial acetic acid, Pierce™
protein concentrators PES

Imidazole Sigma Aldrich, Hamburg, Germany

Merck, Darmstadt, Germany

Thermo Fisher Scientific Baltics, Vilnius, Lithuania

Solutions
CEX dialysis buffer (pH 4.3) for
rMBP-Pen m 4 and rMBP-Can f 6

CEX dialysis buffer (pH 6.0) for
rMBP-Ves v 5

AEX dialysis buffer (pH 7.5) for
rMBP-Pen m 4 and rMBP-Can f 6

Ni-NTA dialysis buffer (pH 8.0) for
rPen m 4, rCan f 6 and rVes v 5

50 mM acetic acid-NaOH
25 mM acetic acid-NaOH
20 mM Tris-HCl

50 mM NaH;PO4 x 2 H20, 300 mM NaCl, 10 mM imidazole

2.2.21 Protein concentration from yeast media with methanol

1 mL of yeast culture medium was transferred to a 1.5 mL microcentrifuge
tube and centrifuged at 2000 rpm for 3 min (Eppendorf centrifuge, model
5415D) to pellet the cells. From the resulting supernatant, 400 pl was trans-
ferred to a fresh tube, mixed with 400 pl of methanol by vortexing, followed
by the addition of 200 pl of chloroform. The mixture was briefly vortexed and
centrifuged at 13200 rpm for 10 min to partition proteins at the interphase. The
upper aqueous phase was carefully removed and discarded. To the remaining
interphase and organic phase, 600 pl of methanol was added, and the mixture
was vortexed to resuspend the proteins. After centrifugation at 13200 rpm
for 10 min, the supernatant was discarded, retaining the protein pellet. The
pellet was washed twice by adding 600 pl of methanol, briefly vortexed, and
centrifuged at 13200 rpm for 5 min, and the supernatant was discarded after
each wash. The pellet was air-dried for 5-10 min at RT. The dried pellet was dis-
solved by adding 22 pl PBS and 22 pl 2x protein-dye solution, gently vortexed,

and incubated at 100 °C for 10 min to ensure complete solubilization.
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Reagents

TRIS-HC], glycerol Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Methanol Honeywell, Charlotte, NC, USA
Bromphenol blue Merck, Darmstadt, Germany
Sodium dodecyl sulphate (SDS) Carl Roth, Karlsruhe, Germany
Mercaptoethanol, chloroform Sigma Aldrich, Hamburg, Germany

Solutions
Tris-HCl sol. (ph 7.5) 1 M TRIS-HC], stored at 4 °C

100 mM Tris-HC, 4% SDS (w/v), 0.1-0.2% Bromphenol

2x protein dye blue (w/v), 20% glycerol (w/w), and 10% mercaptoethanol (v/v)

added just before use

2.2.22 Ion chromatography

Purifications using the AKTApurifier 100 chromatography system were
performed by Dr. Mindaugas Zaveckas.

The collected P. pastoris culture media was filtered through a 0.45 pM
pore PVDF membrane with the Stericup Quick Release-HV sterile vacuum
filtration system. The purifications were done at 4 °C using the AKTApurifier
100 chromatography system equipped with the sample pump P-960 and the
fraction collector Frac-920. Cation exchanger SP Sepharose Fast Flow (GE
Healthcare Bio-Sciences AB) and anion exchanger Q Sepharose Fast Flow (GE
Healthcare BioSciences AB) were selected for the purification of the fusion
protein rMBP-Pen m 4 and rMBP-Can f 6, while rMBP-Ves v 5 was purified
using only the cation exchanger.

 Cation exchange chromatography: the clarified media was dialyzed
(see 2.2.20) against CEX dialysis buffer. The C 10/10 column (GE Health-
care Bio-Sciences AB) was packed with 2 ml of the SP Sepharose Fast
Flow sorbent and equilibrated with 10 column volumes (CV) of CEX
dialysis buffer. The clarified media was loaded on the column at the
flow rate of 2 ml/min. The column was washed with 7 CV (8 CV for
rMBP-Ves v 5) of CEX dialysis buffer. Next steps were conducted at the
flow rate of 1.5 ml/min (1.3 ml/min for rMBP-Ves v 5). The target protein
was eluted with a linear gradient from 0-100% CEX elution buffer over
10 CV.

+ Anion exchange chromatography: the clarified media was dialyzed
(see 2.2.20) against AEX dialysis buffer. The XK 16/20 column (GE
Healthcare Bio-Sciences AB) was packed with 5 ml of the Q Sepharose
Fast Flow sorbent and equilibrated with 10 CV of AEX dialysis buffer at
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the flow rate of 5 ml/min. Further steps were done at the flow rate of
3.5 ml/min. The clarified media was loaded onto the column and washed
with 12 CV of AEX dialysis buffer. The target protein was eluted in a
linear gradient from 0-100% AEX elution buffer over 10 CV.

Reagents

Stericup Quick Release-HYV sterile vacuum

filtration system, NaH,PO4 x 2 H,0, NaCl Merck, Darmstadt, Germany

TRIS-HC], glacial acetic acid Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Imidazole Sigma Aldrich, Hamburg, Germany
Solutions

CEX dialysis buffer (pH 4.3) for
rMBP-Pen m 4 and rMBP-Can f 6
CEX elution buffer (pH 4.3) for
rMBP-Pen m 4 and rMBP-Can f 6
CEX dialysis buffer (pH 6.0) for
rMBP-Ves v 5

CEX elution buffer (pH 6.0) for
rMBP-Ves v 5

AEX dialysis buffer (pH 7.5) for
rMBP-Pen m 4 and rMBP-Can f 6
AEX elution buffer (pH 7.5) for
rMBP-Pen m 4 and rMBP-Can f 6

50 mM acetic acid-NaOH

50 mM acetic acid-NaOH, 1 M NaCl
25 mM acetic acid-NaOH

25 mM acetic acid-NaOH , 1 M NaCl
20 mM Tris-HCl

20 mM Tris-HCl, 1 M NaCl

2.2.23 Ni-NTA chromatography

Purifications using the AKTApurifier 100 chromatography system were
performed by Dr. Mindaugas Zaveckas.

The gathered P. pastoris media was filtered through a 0.45 uM pore PVDF
membrane with the Stericup Quick Release-HV sterile vacuum filtration sys-
tem and dialyzed (see 2.2.20) against Ni-NTA dialysis buffer (pH 8.0). Before
chromatographic purification, the dialyzed media was again filtered through
a 0.45 pM pore PVDF membrane. The purification was performed at 4 °C
using an AKTApurifier 100 chromatography system equipped with a sample
pump P-960 and a fraction collector Frac-920 (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden).

« rPen m 4. The clarified media was directly loaded (1.4 ml/min) onto the
Ni-NTA Superflow column (1 ml, Qiagen, Hilden, Germany) equilibrated
with 10 CV of the Ni-NTA dialysis buffer. The column was washed with
11 CV of Ni-NTA wash buffer at the flow rate of 1 ml/min. After washing,
a linear gradient from 0-100% Ni-NTA elution buffer was applied to elute
the target protein at the flowrate of 1 ml/min over 10 CV.
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« rCan f 6 and rVes v 5. The clarified media was directed onto a Ni-NTA
Superflow column (1 ml, Qiagen, Hilden, Germany), equilibrated with
the Ni-NTA dialysis buffer at a 1 ml/min flow rate. The column was
subsequently rinsed with 10 CV of Ni-NTA wash buffer, and a linear
imidazole gradient from 20-500 mM was used to elute the target protein
over 10 CV (12 CV for rVes v 5).

Reagents
Stericup Quick Release-HYV sterile
vacuum filtration system, Merck, Darmstadt, Germany
NaH,PO4 x 2 H,0, NaCl
Imidazole Sigma Aldrich, Hamburg, Germany
Solutions
Ni-NTA dialysis buffer (pH 8.0) 50 mM NaH,;PO4 x 2 H,0, 300 mM NaCl, 10 mM imidazole
Ni-NTA wash buffer (pH 8.0) 50 mM NaH;PO4 x 2 H,0, 300 mM NaCl, 20 mM imidazole
Ni-NTA elution buffer (pH 8.0) 50 mM NaH,PO4 x 2 H,0, 300 mM NaCl, 500 mM imidazole

2.2.24 Protein concentration determination

Purified protein concentration was determined using one of the following
methods:

» Bradford assay. Measurements were performed in a 96-well, flat-
bottom polystyrene plate. Standards of bovine serum albumin (BSA; 1-10
ug per well) and a series of dilutions of the target protein were arrayed
such that each well contained the appropriate volume of water (or, for
urea-dissolved proteins, an 8 M urea solution) to bring the pre-reagent
volume to 50 pl. Then, a 1x Bradford working solution was aliquoted in
200 pl fractions into each well; plates were incubated at RT for 5 min,
then read on a Tecan plate reader by measuring the absorbance ratio at
590/450 nm. The OD values for BSA standards were plotted in an X-Y
scatter plot and a linear trendline (displaying the equation and R? value;
accept R? > 0.95) was fitted to generate the calibration curve. Sample
OD values falling within the standard range were converted to absolute
protein amounts using the trendline equation, and concentrations were
calculated based on sample volumes. Samples with OD values outside

the calibration range were appropriately diluted and reassayed.

« Densitometric analysis via Image] software. Relative protein con-
centration was determined by comparing band intensities to BSA stan-

dards on SDS-PAGE gel using Image] software, developed for analyzing
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digitized images (Schneider et al. 2012). After electrophoresis, gel images
were processed by converting them to grayscale and correcting for back-
ground. Regions of interest (ROIs) corresponding to protein bands were
defined, and intensity profiles were extracted. ROI profiles are shown as
peaks that are integrated to obtain qualitative values. These values were
compared to the calibration curve generated from qualitative measure-
ments of BSA standards, and the corresponding protein concentrations
were estimated based on signal intensity, applying scaling or dilution

when necessary.

Reagents

Pierce™ Bovine Serum Albumin Standard
Pre-Diluted Set
Bradford Plus Protein Assay Reagent Carl Roth, Karlsruhe, Germany

Thermo Fisher Scientific Baltics, Vilnius, Lithuania

2.2.25 Protein long term storage

After the last step, each tube was labeled with the protein identity, amount,
and date and stored at —20 °C. Prior to downstream use, protein integrity
was assessed via SDS-PAGE.

+ Lyophillization. Aliquots of the protein sample (10-200 pg in >
0.5 ml volume) were dispensed into screw-cap microcentrifuge tubes
wrapped with Parafilm rather than capped. The tubes were transferred
to a —70°C freezer overnight. Immediately before lyophilization, the
Parafilm seals were punctured with a fine needle to permit vapor es-
cape, and the tubes, which were kept on ice, were transferred into a
pre-chilled to —55 °C lyophilizer (Labonco™ FreeZone™ 230 V Model)
under vacuum. Depending on sample volume, drying was carried out
for 24-48 h. Upon completion, the screw caps were securely fastened.

+ Storage in glycerol. Aliquots of the protein sample (10-200 pg in

> 0.5 ml volume) were mixed with an equal volume of pure 20-50%

glycerol.
Reagents
Glycerol Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Solutions
Glycerol sol. 20-50% glycerol (w/v), filtered with 0.2 pm filter
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2.2.26 Western blot (WB)

Protein samples were boiled in a reducing sample buffer and fractioned
in 12% and 14% SDS-PAGE gels. After fractioning, the gels, WB filter paper,
and the activated polyvinylidene difluoride (PVDF) membrane (pretreated
for 15 s with ethanol) were immersed in protein transfer buffer (PTB) and
gently agitated for 5-15 min. Following assembly of the transfer stack, proteins
were transferred from the SDS-PAGE gels to PVDF membranes via semi-dry
electroblotting at 20 V, 700 mA for 40 min (Invitrogen™ Novex™ Semi-Dry
Blotter).

The membrane was blocked with Roti®Block protein-free blocking so-
lution for 1 h, washed twice with the protein buffer solution supplemented
with Tween-20 (PBS-T) for 5 min each. Incubation with primary antibodies
diluted with PBS-T to working concentrations was performed overnight. Af-
ter incubation, the membrane was washed twice with PBS-T for 5 min each
and subsequently incubated with secondary antibodies diluted with PBS-T to
working concentrations. After 2 h incubation, subsequent wash steps were
performed (15 min, 5 min, and 5 min), and the chemiluminescence signal from
the enzymatic reaction was developed by adding 4-chloro-1-napthol and H,0,
or 1-Step™ Ultra TMB-Blotting solution.

Primary antibodies used were 6xHis Tag Monoclonal Antibody (mAb)
(MA121315, Invitrogen, Carlsbad, CA, USA) at a 1:3000 dilution in PBS-T and
an in-house produced murine anti-MBP mAb 19C19 obtained from VU LSC
IBT (Sliziene et al. 2023) at a 1:3000 dilution in PBS-T. The secondary antibodies
were goat anti-mouse IgG (H + L) HRP conjugate (Cat. No. 170-6516, Bio-Rad,
Hercules, CA, USA) at a 1:3000 dilution in PBS-T.

For immunodetection with human sera (see 2.1.4), membranes prepared
as above were incubated with sera samples diluted 50-fold in PBS-T. The
secondary antibody used was a mouse anti-human IgE Fc-HRP conjugate
(B3102E8, SouthernBiotech, Birmingham, AI, USA) at a 1:1000 dilution in
PBS-T.

Reagents
NaH,PO4x2H,0, NaCl Merck, Darmstadt, Germany
4-chloro-1-napthol Sigma Aldrich, Hamburg, Germany
NaZHPO4, Roti®Block protein free blocking Carl Roth, Karlsruhe, Germany
solution

- ! ™ - 1

TRIS,HCI’ 1-Step™ Ultra TMB-Blotting Thermo Fisher Scientific Baltics, Vilnius, Lithuania
solution
H,0, Fluka, Buchs, Switzerland
Polyvinylidene difluoride (PVDF) membrane Cytiva, Amersham P1, UK
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Tween-20
Ethanol, methanol

AppliChem, Darmstadt, Germany
Honeywell, Charlotte, NC, USA

Solutions
0.08 M Na;HPOy, 0.024 M NaH,PO4 x2 H>0,
PBS buffer (pH 7.5) 0.099 M NaCl, filtered with 0.2 pm
filter, autoclaved at 1 atm for 20 min
PBS-T 0.1% Tween-20 (w/v) in PBS
PTB 25 mM Tris-HCI, 149 mM glycine,

10% methanol (v/v)

Blocking sol. 1x Roti®Block protein-free blocking solution (v/v)

2.2.27 Glycosylation assay

The glycosylation of the recombinant protein was assessed through a
lectin-probed WB analysis, a technique that reveals glycan structures of glyco-
proteins by exploiting the carbohydrate-binding specificity of the chosen lectin
(Sato 2014). Concanavalin A (Con A) lectin was selected for its high binding
affinity toward mannose residues (Maupin et al. 2012). The process was done
by modifying the previously referenced WB technique (see 2.2.26). Following
membrane blocking and washing, incubation was performed overnight at RT
with Canavalia ensiformis (Jack bean) lectin Concanavalin A peroxidase conju-
gate (Sigma-Aldrich, MO, USA), diluted to 0.1 pg/ml in PBS-T. The membrane
was subsequently washed three times with PBS-T (15 min, 5 min, and 5 min),
and the chromogenic signal was detected using 1-Step™ Ultra TMB-Blotting

solution.

Reagents

NaH;PO4 x 2 H,0, NaCl

NayHPOy, Roti®Block protein free blocking
solution

TRIS-HCI, 1-Step™ Ultra TMB-Blotting
solution

Polyvinylidene difluoride (PVDF) membrane
Tween-20

Ethanol, methanol

Solutions

PBS buffer (pH 7.5)

PBS-T
PTB

Blocking sol.

Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Thermo Fisher Scientific Baltics, Vilnius, Lithuania

Cytiva, Amersham P1, UK
AppliChem, Darmstadt, Germany
Honeywell, Charlotte, NC, USA

0.08 M Na;HPOy, 0.024 M NaH,PO4 x2 H>0,
0.099 M NaCl, filtered with 0.2 pm filter,
autoclaved at 1 atm for 20 min

0.1% Tween-20 (w/v) in PBS

25 mM Tris-HCI, 149 mM glycine,

10% methanol (v/v)

1x Roti®Block protein-free blocking solution (v/v)
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2.2.28 Deglycosylation assay

The deglycosylation process was performed using Protein Deglycosylation
Mix II, following the guidelines provided by the manufacturer. For the reaction,
100 ug of purified protein was combined with water to a final volume of 40 pl.
Then, 5 pl of the Deglycosylation Mix Buffer 2 was added, and the mixture
was incubated at 75 °C for 10 min to promote protein denaturation, followed
by cooling to RT. Next, 5 ul of Protein Deglycosylation Mix Il was added. After
gentle mixing, the reaction was incubated at 25 °C for 30 min before being
shifted to 37 °C for an additional hour to ensure complete deglycosylation.
Results were analyzed by SDS-PAGE (see 2.2.14) and WB (see 2.2.26) methods.

Reagents
Protein Deglycosylation Mix II New England Biolabs, Ipswich, MA, USA

2.2.29 Electrospray ionization mass spectometry (ESI-MS)

Electrospray ionization mass spectrometry (ESI-MS) is one of the gentlest
ionization techniques, producing predominantly intact molecular ions, as
analytes are desolvated rather than fragmented. Before the analysis, glycerol
was removed from the purified protein samples by diluting the sample with
1x PBS, followed by concentration using Pierce™ Protein Concentrators PES.
Sample equilibration with formic acid and acetonitrile, as well as all subsequent
mass spectrometric procedures, were carried out by Dr. Audroné Ruksénaite.
Juta Dvareckiené interpreted the resulting data.

Reagents

NaH,PO4 %2 H,0, NaCl Merck, Darmstadt, Germany

Na;HPO4 Carl Roth, Karlsruhe, Germany

Pierce™ Protein Concentrators PES Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Solutions

PBS buffer (pH 7.5) 0.08 M NazHPOy4, 0.024 M NaH;PO4 x 2 H,0, 0.099 M NaCl,

filtered with 0.2 pm filter, autoclaved at 1 atm for 20 min

2.2.30 Indirect enzyme-linked immunosorbent assay (ELISA)

Multiwell Nunc MaxiSorp™ polystyrene plates were coated with 50 pl/well
of antigen solution prepared in Coating buffer at the concentration of 5 pg/mL
and incubated overnight at 4 °C. The coated plates were blocked with 300 pl/well
Blocking solution for 2 h at RT. After blocking, the plates were rinsed twice
with water. Human sera were diluted 1:10 in PBS-T in a separate microplate
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and transferred at 100 pl/well to the coated plate. The plates were incubated
at RT with shaking at 400 rpm for 2 h. After incubation, the plates were
washed four times with 1:2 diluted PBS-T buffer. Mouse anti-human IgE Fc-
HRP conjugate (SouthernBiotech, Birmingham, AL, USA) 1:1000 diluted in
PBS-T was added at 50 pl/well and incubated for 1 h under the same conditions.
Plates were washed four times with 1:2 diluted PBS-T buffer and twice with
water. Antigen-specific antibodies were detected by adding 50 pl/well of TMB
chromogen solution. The reaction was stopped by adding 25 pl/well of 3.6%
H,SO, solution. The OD was measured at 450 nm (reference filter 620 nm) in
a microplate reader (Sunrise Tecan, Ménnedorf, Switzerland).

Ca??* ion chelation analysis was carried out as written in the above pro-
cedures with the addition of EDTA at a concentration of 5 mM to the serum
dilution buffer. All ELISA experiments were performed in triplicate, and the
data obtained were expressed as a mean (OD) = SD. The cut-off was calculated

as the mean OD of the negative controls plus three SDs.

Experimental controls: the maltose binding protein (MBP), expressed and
purified from E. coli (Sliziené et al. 2022); the Penaeus monodon allergen extract
(DST-Code f24, Allergome 1893, Ef 24-7, 20052), obtained from Diagnostische
Systeme Technologien GmbH (Schwerin, Germany); the Canis familiaris aller-
gen extract was obtained from dr. Vytautas Rudokas (commercial source not
specified); the horseradish peroxidase (HRP) (Fluka, Buchs, Switzerland).

Reagents

NaH,PO4 x 2 H,0, NaCl Merck, Darmstadt, Germany

NayHPOy, Roti®Block protein free blocking sol.
Tween-20

NaHCO3

EDTA

H>SO4

NeA-Blue Tetramethylbenzidine (TMB) substrate
Multiwell Nunc MaxiSorp™ polystyrene plates,
TMB chromogen solution

Solutions

PBS buffer (pH 7.5)

PBS-T

Blocking sol.

Coating buffer (pH 9.5)
EDTA stock (pH 8.0)
HZSO4 sol.

Carl Roth, Karlsruhe, Germany

AppliChem, Darmstadt, Germany

Reachim, Russia

Sigma aldrich, Hamburg, Germany

Fluka, Buchs, Switzerland

Clinical Science Products, Mansfield, MA, USA

Invitrogen, Carlsbad, CA, USA

0.08 M Na;HPOy, 0.024 M NaH,PO4 x2 H,0,
0.099 M NaCl, filtered with 0.2 pm filter,
autoclaved at 1 atm for 20 min

0.1% Tween-20 (w/v) in PBS

1x Roti®Block protein-free blocking solution (v/v)
50 mM NaHCOs

0.5 M EDTA, autoclaved at 1 atm for 20 min

3.6% H2SO4 (V/V)
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2.2.31 Reverse-phase protein microarray

The concentrations of recombinant protein samples were normalized to 1
mg/ml, and a series of dilutions (2, 4, 8, 16, and 32 times) were printed onto
2D-Epoxy glass slides (PolyAn GmbH, Berlin, Germany) using the sciFLEXAR-
RAYER SX microarray printer (SCIENION GmbH, Berlin, Germany). Each
allergen was printed as a single droplet (420 pL/drop) in triplicate at a spot-
to-spot distance of 320 um. Streptavidin-Cy5 (SouthernBiotech, Birmingham,
AL, USA) were printed as guide dots for grid alignment. For quality control
purposes, several proteins were spotted at their standard concentrations: al-
lergen extracts — 0.2 ug/ml, control recombinant allergens — 0.2 pg/ml, HRP
- 0.05 pg/ml, HSA (human serum albumin) — 0.1 pg/ml, MBP - 0.1 pg/ml.
Before use, the arrays were stored overnight at 4 °C. Before the experiment,
the slides were dried at 37 °C for 15 min. Blocking was done with 2% BSA
in PBS-T (dilution buffer) while gently stirring the slides for 30 min at RT.
After washing once for 30 s with deionized H,O, the slides were dried via
centrifugation for 10 s. Slides were fitted into a 24-Well Hybridization Cassette
(Arrayit Corporation, CA, USA), and 80 pl of prepared sera diluted 1:5 in PBS-T
was added to each well except for control wells filled with dilution buffer. The
fitted slides were sealed with an adhesive seal strip and incubated at 37 °C for
2 h. After washing four times with 100 pl/well of PBS-T, the fitted slides were
probed with the mouse anti-human IgE Alexa Fluor 647 conjugate (internal
mouse antibody produced by VU LSC IBT) at 80 pl/well volumes for 1 h at RT.
After incubation, the slides were washed four times with 100 pl/well of PBS-T.
After removing the 24-Well Hybridization Cassette, the slides were incubated
with PBS-T with gentle agitation for 10 min. After the final wash for 30 s with
deionized H,O, the slides were dried via centrifugation for 10 s.

Processed slides were scanned using the InnoScan 710 AL microarray scan-
ner (Innopsys, Carbonne, France) with photomultiplier tube (PMT) settings 40
at 635 nm. The images were analyzed using the MAPIX software (Innopsys,
Carbonne, France). Each protein’s average mean + SD value was calculated
from the mean fluorescence intensity (MFI) values of the triplicate spots.

A parallel experiment was performed to assess potential CCD interference
in the obtained values, adding HRP at a concentration of 100 pg/ml to the
serum dilution buffer. The sera were incubated for 10 min at RT prior to use
in the assay. 100 pg/ml of HRP inhibits CCD interference by approximately
94%. Spotted HRP served as a positive control for the unaltered human sera

samples and a negative control for the inhibited human sera samples.
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Reverse-phase protein microarray experiment was done by Laimis Sili-
mavic¢ius in Imunodiagnostika Ltd. (Vilnius, Lithuania). Juta Dvareckiené did

data procession and further analysis.

Reagents
NaH,PO4 x 2 H,0, NaCl Merck, Darmstadt, Germany
NazHPO4, Roti®Block protein free blocking Carl Roth, Karlsruhe, Germany
solution
Tween-20 AppliChem, Darmstadt, Germany
Bovine serum albumin (BSA) Thermo Fisher Scientific Baltics, Vilnius, Lithuania
Solutions
0.08 M NazHPO4, 0.024 M NaHzPO4 X2 HZO,
PBS buffer (pH 7.5) 0.099 M NaCl, filtered with 0.2 pm filter,
autoclaved at 1 atm for 20 min
Microarray PBS-T 0.05% Tween-20 (w/v) in PBS
Dillution buffer 2% BSA (w/v) in PBS-T

2.2.32 Statistical analysis for ELISA datasets

The triplicate ELISA datasets were normalized across multiple plates to
account for inter-plate variability, ensuring that the results are comparable
regardless of the plate-to-plate differences. Normalization was done by sub-
tracting the mean OD of blank wells accounting for background OD. Then,
each sample’s OD was divided by the OD of its respective control (e.g., the OD
value of C. familiaris allergen extract reaction with the positive pool plasma) on
the same plate. That removed plate-to-plate variability by scaling the sample’s
values relative to the control of that plate. Once all samples were normalized
relative to their plate controls, each normalized sample value was multiplied
by the mean control OD (the average of all the plate’s positive controls). This
step ensured that all plates were adjusted to the same baseline (the total mean),
making the data consistent across plates. The triplicate results were presented
as the normalized mean OD = SD. The cut-off value was determined as the
normalized mean OD of the negative controls plus three standard deviations.

For statistical analysis, a repeated-measures ANOVA was performed to
assess differences in reactivity between recombinant tested protein variants.
The analysis was conducted in Python (via the PyCharm IDE) using pandas
and numpy libraries for data manipulation; scipy.stats and statsmodels for
statistical testing; and matplotlib and seaborn for data visualization. Tukey’s
Honest Significant Difference (HSD) test or Bonferroni correction was per-
formed for post hoc pairwise comparisons. Additionally, paired t-tests (t-Test:
Paired Two Sample for Means) were performed in Microsoft Excel version
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2504 (Build 16.0.18730.20122) to compare specific proteins tested on the same

serum samples. Statistical differences were considered significant at p < 0.05.

2.2.33 Concentration selection after reverse-phase microarray
experiment

The net signal (A) for each protein was calculated at the tested concentra-
tions (1, 0.5, 0.25, 0.125, and 0.0625 mg/mL) using the following equation:

A= Spos - Sneg’

where S pos — Slgnalpositive sera’ Sneg = Slgnalnegative sera’

The bigger A signal indicated a higher degree of separation between
positive and negative values. Alongside the A signal, precision was analyzed
by computing the within-group variability (coefficient of variation, CV) for
each positive-sera group at each concentration:

avV = % % 100%,

where 1 = mean, ¢ = standard deviation.

These values were used to identify the optimal concentration that maxi-
mized signal-to-background difference while maintaining acceptable precision,
typically defined as CV below < 2-3%.

2.2.34 Statistical analysis for microarray datasets

The triplicate microarray datasets (mean fluorescence intensities, MFI)
were processed and normalized to remove technical bias and make measure-
ments comparable across slides. First, probes flagged as "-100FLAG" or with
signal-to-noise ratio (SNR) < 2 were excluded from further analysis. The re-
maining triplicate MFI values were logs-transformed to stabilize the variance
and reduce right-skewness. Next, the median background fluorescence was
subtracted from the logs-transformed foreground signal for each spot, yielding
normalized logs values.

Because the experiment was performed on two slides, systematic slide-
to-slide variation was assessed by comparing the raw logy and background-
subtracted logs values between slides. Measurements on Slide 2 were found

to be, on average, 0.16 units lower on the logy scale than those on Slide 1

94



(corresponding to ~12 % lower on the original scale). This slight offset was
attributed to technical rather than biological factors. Slide 2 loga-values were
each increased by 0.16, thereby aligning both datasets to a common baseline.

After this adjustment, triplicate measurements for the serum pool and con-
trol spots (MBP, HRP, allergen extracts, total IgE, HSA, and control proteins)
were averaged across both slides. Because the slide-equalization rendered the
two technical replicates equivalent, these averages represented a single com-
posite measurement rather than two independent triplicates. Concentration
selection for further analysis was done according to the 2.2.33 method.

A linear mixed-effects model (LMM) was fitted to the normalized logs
MFI values for statistical analysis of variant reactivity. The protein variant
was treated as a fixed effect, while slide and serum donor were included as
random effects to account for residual inter-slide and inter-individual vari-
ability. LMMs were chosen because they appropriately model the correlation
structure of repeated measurements (triplicates within slides and multiple
antigens within donors) and can handle unbalanced data resulting from probe
exclusion. The model was implemented in Python (PyCharm IDE) using pan-
das and numpy libraries for data manipulation; scipy.stats and statsmodels for
statistical testing; and matplotlib and seaborn for data visualization. Post hoc
pairwise tests between variants were adjusted using the Bonferroni correction
to control the family-wise error rate when testing multiple hypotheses.

For the CCD-interference analysis, normalized loga MFI values from un-
inhibited and inhibited sera were paired for each protein. Normality of the
paired differences was assessed using the Shapiro-Wilk test: if p > 0.05, indi-
cating no significant deviation from normality, a paired Student’s t-test was
applied; otherwise, a nonparametric Wilcoxon signed-rank test was used. Raw
p-values across all proteins were then adjusted to control the false discov-
ery rate (FDR = 5%) using the Benjamini-Hochberg procedure - this balances
the discovery of true effects with the limitation of type I error when testing
multiple proteins. Finally, to evaluate the overall effect of CCD inhibition,
a two-way repeated-measures ANOVA was fitted with "protein" and "HRP
inhibition" as within-subject factors and "plasma donor" as the subject variable.
This test allows assessment of both main effects and the protein x inhibitor
interaction while accounting for the repeated-measures design. Significance
thresholds were set at « = 0.05 throughout.
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3. RESULTS AND DISCUSSION

This thesis aimed to evaluate strategies for producing recombinant aller-
gens in yeast and compare them with counterparts expressed in the prokaryotic
host E. coli. The comparison was used to identify the optimal candidate for in
vitro allergy diagnostics, focusing on three key criteria: specific recognition by
sIgE antibodies, lack of cross-reactivity with non-specific IgE, and feasibility
for high-yield, large-scale production.

This chapter is organized into four thematic sections. The first exam-
ines available expression platforms for bioactive recombinant protein produc-
tion, with particular attention to approaches that enhance yield and improve
downstream applications. One such approach is the fusion of allergens to
maltose-binding protein (MBP), a strategy known to improve solubility and
folding in E. coli but with less predictable outcomes in yeast expression systems
(Moua et al. 2016).

The second and third sections analyze the production of different aller-
gens, the effects of posttranslational modifications on the allergen’s ability
to be recognized by sIgE, and the importance of production in a eukaryotic
system for the recombinant allergen. Each section addresses the production of
recombinant allergens in the most efficient manner, as determined by previous
experiments. The fourth section tests the workflow created from the analysis

of the first two sections.
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3.1. Selection of expression platforms for the production of

recombinant allergens

Selecting an appropriate expression system is critical for therapeutic pro-
tein production. Key considerations include cultivation and purification costs,
the need for PTMs, production time, and the protein’s intended application
(detailed discussion in 1.5.1). To establish an optimal production platform,
systematic evaluation of prokaryotic and eukaryotic expression systems was
performed using representative allergens across diverse structural families,
focusing on how system-specific limitations impact yield and antigenicity.

The E. coli BL21 (DE3) strain provided a prokaryotic baseline using pET28a(+)
and pET28a(+)-MBP-TEV vectors (see 2.2) with maltose-binding protein (MBP)
fusion to address the well-documented solubility challenges of recombinant
allergen expression in bacteria. While MBP has been proven to be effective, the
theoretical advantage of amylose-affinity purification often fails in practice,
necessitating hexahistidine (6xHis) tagging for reliable nickel-affinity chro-
matography (Nallamsetty and Waugh 2006; Nallamsetty, Austin, et al. 2005;
Bell et al. 2013). This dual-tag strategy established the baseline for subsequent
yield and purification efficiency comparisons.

Initial eukaryotic trials focused on Saccharomyces cerevisiae, testing both in-
tracellular (pFX7-based) and secreted (pFG-PGK1-aF-based) expression strate-
gies. Expression vectors were similarly designed to include MBP as a fusion
partner. Although MBP has been shown to enhance recombinant protein
expression in various systems, its performance in eukaryotic hosts remains
inconsistent. MBP may increase the yield of specific target proteins, but
this effect is not universal, and the molecular determinants underlying such
variability are not fully understood (Z Li et al. 2010; Moua et al. 2016; Jiang
et al. 2016; J Gao et al. 2023). Notably, to our knowledge, MBP fusion has
not been previously employed for recombinant allergen production in yeast
systems, representing an unexplored strategy that could potentially address
the dual challenges of yield enhancement and native-like folding required for
diagnostic applications.

To enable efficient allergen cloning, standardized vector templates were

constructed:

« pFX7-MBP-TEV-6xHis vector was constructed by amplifying the 6xHis-
MBP-TEV fragment from the pET28a(+)-MBP-TEV plasmid with primers
MBP-TEV-dir and MBP-TEV-rev (see 2.1), introducing the restriction
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sites of Xbal and Spel (Bcul). PCR was performed with Pfu DNA poly-
merase according to the manufacturer’s recommendations (see 2.2.6).
The amplified fragment was cloned into the Xbal site of the linearized
pFX7-6xHis-C vector (see 2.2.1, 2.2.5).

» pFG-PGK1-aF-6xHis vector was created by inserting a hybridized oligonu-
cleotide into the pFG-PGK1-aF vector, which was digested by Stul and
Xbal RE (see 2.2.1, 2.2.5). The oligonucleotide duplex was prepared by
annealing equimolar amounts of complementary 6xHis-dir and 6xHis-
rev (see 2.1, 2.2.2) oligos, which incorporated the AvrlIl restriction site,
the 6xHis-tag, and the STOP codon.

+ pFG-PGK1-aF-MBP-TEV-6xHis vector was assembled similarly to the
pFX7-MBP-TEV-6xHis construct, with the exception that the 6xHis-
MBP-TEV fragment was amplified with MBP-TEV-dir and MBP-TEV-
Avrll-rev primers (see 2.1), introducing the restriction sites of Xbal and
AvrlIl (XmaJI). The pFG-PGK1-aF-6xHis vector was digested with Avrll
prior to ligation with the prepared 6xHis-MBP-TEV fragment (see 2.2.1,
2.2.5).

All constructs were sequence-verified at Vilnius University Life Sciences
Center Institute of Biotechnology (VU LSC IBT) sequencing center and ana-
lyzed using SnapGene Viewer software (see 2.4).

Pilot experiments were conducted with S. cerevisiae (AH22-derived strain
214) using two allergen panels. The initial set comprised dust mite allergens
(Dermatophagoides farinae Der f 1 and Der f 2, and D. pteronyssinus Der p 21
and Der p 36) chosen solely to guide platform selection. A second set with
constructs kindly provided by Dr. Rasa Petraityte-Burneikiené, was comprised
of Penaeus monodon allergen Pen m 4, Canis familiaris allergens Can f 5
and Can f 6, and Apis mellifera allergen Api m 4, was included for broader
evaluation. Results showed that expression levels were low or undetectable
across both intracellular and secreted formats, and target proteins showed
marked degradation (Fig. 3.1). Heterologous protein expression into the
culture media also showed that S. cerevisiae released substantial amounts of
host proteins into the medium, complicating protein purification.

Because S. cerevisiae is prone to hyperglycosylation of recombinant pro-
teins, a glycosylation-deficient strain, AH22-214A mn10, was evaluated as an
alternative host. Although target proteins were detectable, Con A lectin assays
(see 2.2.27) revealed variability in glycosylation patterns that depended on
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colony selection, induction temperature, and induction duration. For example,
rApi m 4 was more glycosylated in AH22-214Amn10 than in the parental
214 strain (Fig. 3.1). Together, these results indicated that S. cerevisiae was

unsuitable for high-yield, large-scale production for recombinant allergens.

mAb
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mAb against MBP tag Con A

kDa AH22-214 214Amn10 AH22-214 214Amn10
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Figure 3.1: Analysis of extracelullar expression in S. cerevisiae AH22-derived
strain 214 and AH22-214Amn10 strain by SDS-PAGE and WB (annotated by
the used mADb designation). Strains are shown above the corresponding lanes.
The analyzed yeast media fractions were concentrated 23-fold with methanol
(see 2.2.21). Growth conditions are written in brackets in lane descriptions.
Lanes: [1], negative control — AH22-214 untransformed (30 °C, 48 h); [2],
pFG-PGK1-aF-MBP-TEV-Pen m 4 (30 °C, 40 h); [3], pFG-PGK1-aF-MBP-TEV-
Can £'5 (30 °C, 48 h); [4], pFG-PGK1-aF-MBP-TEV-Can £ 6 (24 °C, 48 h); [5],
pFG-PGK1-aF-MBP-TEV-Api m 4 (24 °C, 48 h); [6], pFG-PGK1-aF-MBP-TEV-
Pen m 4 (30 °C, 40 h); [7], pFG-PGK1-aF-MBP-TEV-Can f 5 (24 °C, 48 h); [8],
pFG-PGK1-F-MBP-TEV-Can f 6 (24 °C, 48 h); [9], pFG-PGK1-aF-MBP-TEV-
Apim 4 (30°C, 40 h). M - Spectra™ Multicolor Broad Range Protein Ladder.
(unpublished data)

Given the limitations observed in S. cerevisiae, subsequent expression
experiments were conducted in P. pastoris. Numerous recombinant allergens
have been expressed successfully in P. pastoris, and secretion from this host
typically yields media with reduced host background (Brondyk 2009). There-
fore, the PichiaPink™ expression system was selected, utilizing the pPink-HC
vector with the S. cerevisiae a-factor signal peptide under the AOX1 promoter
control for secreted production (see 2.2). While the PichiaPink™ expression
system was evaluated using allergens from diverse sources, including shrimp,
dog, honeybee, and wasp; this study focused specifically on the immunogenic-
ity and antigenicity of P. monodon shrimp allergen Pen m 4, C. familiaris dog
allergen Can f 6, and the Vespula vulgaris yellow jacket allergen Ves v 5.
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3.2. Recombinant allergen Pen m 4 production and immuno-
logical characterization

3.2.1 Generation of codon-optimized Pen m 4 allergen sequence

The gene encoding Pen m 4 was optimized using the OptimumGene™ algo-
rithm software from GenScript (see 2.1.3). The native Pen m 4 codon sequence
was modified to achieve better protein expression in yeast, considering various
factors: codon adaptability, mRNA structure, and cis-elements in transcription
and translation stages. The codon adaptation index (CAI), GC content, and
the codon frequency distribution (CFD) predictions were used to compare the
expression level evaluation of the native Pen m 4 (nPen m 4) gene expressed
in the chosen host system with the codon-optimized Pen m 4 (rPen m 4) gene
expression. As shown in Table 3.1, GC content and CFD values are in the ideal
range in native and optimized gene sequences. However, the CAI value was
higher in the optimized gene and closer to the ideal value range; ergo, the
expression level is expected to be higher in both expression systems with the

optimized Pen m 4 gene sequence.

Table 3.1: The CAL GC content, and CFD in silico predictions for native and
recombinant Pen m 4 constructs in E. coli and yeast expression hosts. The
ideal values of the predicted elements are shown.

Host / Parameters E. coli Yeast Ideal value

nPenm4 rPenm4 nPenm4 rPenm4

Codon adaptation index (CAI) 0.64 0.72 0.59 0.85 0.8-1.0
GC content (%) 54.48 42.27 54.48 39.83 30-70
Codon frequency distribution (CFD) 9 8 3 0 <30

The numerical values were generated by using the GenScript Rare Codon Analysis Tool

(https://www.genscript.com/tools/rare-codon-analysis)

3.2.2 Cloning, expression, and purification of rPen m 4 from
E. coli

P. monodon Pen m 4 gene encodes a 193-aa-long protein. The 582 bp Pen m 4
gene was subcloned into two expression vectors (see 2.2): (i) pET28a(+) and (ii)
pET28a(+)-MBP-TEV, to assess whether an MBP moiety will serve to improve
the yield of the passenger protein (Nallamsetty, Austin, et al. 2005). Firstly,
the Pen m 4 gene was amplified by PCR (see 2.2.6) using pUC57/ Pen m 4
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plasmid as a template with primers pET28F_P4 and pET28R_P4 (see 2.1), which
introduced the restriction sites of BamHI and Xhol enzymes, respectively.
PCR amplification with the Pfu DNA polymerase was done according to the
manufacturer’s recommendations. The resulting DNA fragment was cloned
(see 2.2.1, 2.2.5) into the BamHI and Xhol sites of pET28a(+) and pET28a(+)-
MBP-TEV vectors. The presence of Pen m 4 and MBP-TEV-Pen m 4 gene
constructs, encoding an N-terminal 6xHis tag, was verified by sequencing at
the Vilnius university Life Sciences Center Insitute of Biotechnology (VU LSC
IBT) sequencing center, and the resulting sequences were analyzed with the
“SnapGene Viewer” software. In the (i) expression vector, the Pen m 4 gene
was tagged with an N-terminal 6xHis tag (Fig. 3.2a). In the (ii) vector, the
Pen m 4 gene was subcloned in frame with the N-terminally 6xHis tagged
MBP protein coding sequence (Fig. 3.2b).
(a)

Py T7 term

6xHis Penm 4 —_—
—
— RBS )| 6xtiis > MBP TEV Penm4 »——

Figure 3.2: Schematic representation of recombinant Pen m 4 gene expression
cassettes for production in E. coli. (a) pET28a(+)-Pen m 4 expression vector,
where Pen m 4 gene is N-terminally tagged with a 6xHis tag. (b) pET28a(+)-
MBP-TEV-Pen m 4 expression vector, where Pen m 4 is fused to the C-terminal
end of a 6xHis-MBP fusion protein coding gene with a TEV protease recogni-
tion site between the fusion and passenger protein coding sequences.

1

(b)

T7 term

l"d-
—
~

Expression of rPen m 4 constructs was demonstrated in E. coli strain BL21
(DE3) (see 2.2.8, 2.2.15, 2.2.11). As analyzed by SDS-PAGE (see 2.2.14), promi-
nent 25 kDa (Fig. 3.3a) and 66 kDa (Fig. 3.3b) protein bands, corresponding
to rPen m 4 and rMBP-Pen m 4, respectively, were observed in the soluble
fractions of IPTG-induced bacteria (lane 3 in Fig. 3.3a and 3.3b). Meanwhile,
no additional bands of corresponding molecular size were seen in the lysate
fractions before induction with IPTG (lane 1 in Fig. 3.3a and 3.3b). Following
batch purification of 6xHis-tagged proteins from E. coli under native conditions
(see 2.2.18), rPen m 4 and rMBP-Pen m 4 were obtained in electrophoretically
pure states (lanes 11-14 in Fig. 3.3a and lanes 10-14 in Fig. 3.3b).
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Closer inspection of Fig. 3.3b shows that for rMBP-Pen m 4 protein purifi-
cation, slight modifications could be made to QIAGEN’s original purification
protocol. The leftover rMBP-Pen m 4 protein in lane 4 indicates that not all
protein was successfully bound to the agarose beads; wash fractions in lanes
5-9 show that the target protein eluted too early. Exploring higher amounts of
Ni2*-NTA agarose and lower amounts of imidazole in the wash buffer for a
successful rMBP-Pen m 4 purification is advised. The yield of E. coli-produced
rPen m 4 and rMBP-Pen m 4 proteins after nickel-chelate chromatography
was approximately 52 mg/L and 66 mg/L, respectively.

(a) (b)
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M1234'567 8 91011121314 M1 2 3 4"5 6 7 8 910 11 121314
116.0 116.0
662 66.2
450 - . o == -
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18.4 25.0
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Figure 3.3: Analysis of E. coli expression and purification of rPen m 4 (a) and
rMBP-Pen m 4 (b) by SDS-PAGE. Lanes: [1], lysate fraction from non-induced
E. coli; [2], lysate fraction from IPTG-induced E. coli; [3], soluble fraction
before purification with nickel-chelate chromatography; [4], soluble fraction
after incubation with Ni-NTA agarose; [5-9], wash fractions; [10-14], elution
fractions with purified rPen m 4 and rMBP-Pen m 4 proteins, respectively. M
— Pierce™ Unstained Protein MW Marker #26610 (see note in 2.2.14). Proteins
were separated in (a) 12% and (b) 14% SDS-PAGE gels.

These results are consistent with the literature, as variants of rPen m 4
have been synthesized in bacteria as soluble proteins and could be successfully
purified using Ni-NTA affinity chromatography. According to Mita et al. 2013,
rPen m 4 expression in E. coli using the pFN6A (HQ) Flexi vector system
yielded approximately 60 mg/L of purified rPen m 4. In this study, E. coli-
produced rPen m 4 yielded 52 mg/L. This discrepancy could be attributed to
a codon-optimized gene sequence or a different expression strain. However,
the comparison could not be made as Mita et al. 2013 did not specify which
E. coli strain was used for their experiment. Fusion with the dual 6xHis-MBP
tag increased target protein yield approximately 1.3-fold (66 mg/L), making

this the most successful strategy for synthesizing rPen m 4 in bacteria.
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3.2.3 Characterization of rPen m 4 variants purified from E. coli

To confirm the purified protein’s identity and to determine their molec-
ular weights (MW), mass spectrometry (MS) (see 2.2.29) and WB (see 2.2.26)
analyses were performed. MS analysis revealed that MW of E. coli-produced
rPen m 4 and rMBP-Pen m 4 were approximately 25 and 66 kDa, respectively,
which aligned with the target proteins’ calculated theoretical weights. WB
analysis with mAb against the 6xHis and MBP tags confirmed the expression
of the recombinant fusion protein (Fig. 3.4). After one month of storage (see
2.2.25) in different conditions, the WB analysis was performed to assess pro-
tein stability. Unexpectedly, protein sample lyophilization as an option for
long-term storage appeared to impact both negatively — rPen m 4 (lanes 2 in
Fig. 3.4a) and rMBP-Pen m 4 (lanes 2 in Fig. 3.4b) proteins. No significant dif-
ferences were found between other storage options (4 °C, 20 °C and —20°C
with 40% glycerol); however, the repeated experiment after 24 months (data
not shown) showed that storage at 4 °C and —20 °C without glycerol severely
degraded both protein samples while storage at—20 °C with 40% glycerol
showed only slight degradation.

As rPen m 4 is expected to be used as a pharmaceutical product, storage
conditions were evaluated for acceptable shelf life. An unexpected finding
was that Pen m 4 is susceptible to freezing and/or drying stress arising from
the lyophilization process (W Wang 2000). This finding should be taken into
account when preparing allergen extracts. It may explain why the Pen m 4
molecule is absent in 2/5 of commercially available shrimp extracts, mostly

made from frozen shrimp (Asero, Scala, et al. 2017).
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Figure 3.4: Analysis of purified E. coli-produced rPen m 4 (a) and rMBP-
Pen m 4 (b) proteins by SDS-PAGE and WB (annotated by the used mAb
designation). Lanes: [1], S. cerevisiae-produced 6xHis-tagged Hantavirus Sin
Nombre nucleocapsid protein (Kucinskaite-Kodze et al. 2011), which acts
as the WB positive control; [2], protein samples after lyophilization; [3],
protein samples after storage at 4 °C; [4], protein samples after storage at
—20°C without glycerol; [5], protein samples after storage at —20 °C with
40% glycerol. Protein samples were analyzed after one month of storage. Lane
[1] protein acts as a positive control for WB with mAb against the 6xHis tag
and a negative control for WB with mAb against the MBP tag. M — Spectra™
Multicolor Broad Range Protein Ladder.

3.2.4 Molecular cloning and expression of rPen m 4 in P. pas-
toris

The PichiaPink™ expression system for secreted protein production was
exploited to express Pen m 4 variants in P. pastoris. The codon-optimized
Pen m 4 gene was amplified by PCR (see 2.2.6) using pUC57/Pen m 4 plasmid
as a template with primers pPinkF_P4 and pPinkR_6xHis_P4 (see 2.1), which
incorporated the restriction sites of Mlyl and Kpnl enzymes, respectively, and
the 6xHis tag at the C-terminal end of the Pen m 4 gene. The resulting Pen m 4
gene sequence with a C-terminal 6xHis tag was subcloned (see 2.2.1, 2.2.5) in
frame with the S. cerevisiae alpha-mating factor pre-sequence in the pPink-aF-
HC expression vector, resulting in the expression vector pPink-aF-Pen m 4.

To produce a fusion protein MBP-Pen m 4, PCR was performed using pFX7-
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6xHis-MBP-TEV-Pen m 4 plasmid (from earlier experiments in S. cerevisiae) as
a template, with primers pPinkMBPF_P4 and pPinkMBPR_P4 (see 2.1), which
incorporated the restriction sites of Stul and Kpnl enzymes, respectively. The
resulting MBP-TEV-Pen m 4 gene with an N-terminal 6xHis tag was cloned
into the Stul and Kpnl restriction sites of pPink-aF-HC vector. The pPink-aF-
MBP-TEV-Pen m 4 (Fig. 3.5a) and pPink-aF-Pen m 4 (Fig. 3.5b) plasmids were
verified by sequencing in the VU LSC IBT sequencing center, and the resulting
sequences were checked with the “SnapGene Viewer” software.

@ Paox CYC1 term
_1)
RBS ) \
—4@1: SigSec ) Penm 4 ) 6xHis
— L
(b) Paoxi CYC1 term

RBS — ~——
——————— aF-MF SigSec) 6xHis ' MBP ) TEV > Penm4 ——

Figure 3.5: Schematic representation of recombinant Pen m 4 gene expression
cassettes for production in P. pastoris. In frame with the S. cerevisiae alpha-
mating factor signal pre-sequence (aF-MF-SigSec) in (a) pPink-aF-Pen m 4
expression vector, is the Pen m 4 gene C-terminally tagged with a 6xHis tag;
in (b) pPink-aF-MBP-TEV-Pen m 4 expression vector, is Pen m 4 fused to the
C-terminal end of a 6xHis-MBP fusion protein with a TEV protease recognition
site between the fusion and passenger protein.

The constructed vectors were transformed into four different ade2 strains
from the PichiaPink™ expression system (see 2.3). These strains differ in
their protease knockout genotypes: Strain 1 is the “protease wild-type”, Strain
2 is a pep4 knockout, Strain 3 is a prbl knockout, and Strain 4 is a double
knockout of pep4 and prb1. Pilot experiments were used to determine which
strain produced the highest amount of our target proteins before scaling up
expression (see 2.2.13). P. pastoris-produced rMBP-Pen m 4 has a theoretical
MW of approximately 67 kDa. Analysis by SDS-PAGE (see 2.2.14) and WB
(see 2.2.26) with mAb against the MBP tag showed prominent, similar-sized
protein bands in all four strains transformed with the expression vector pPink-
aF-MBP-TEV-Pen m 4 after heterologous protein induction with MeOH (Fig.
3.6a). Strain 2 was selected for scale-up expression (Fig. 3.6a lane 2).
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Figure 3.6: Analysis of media collected after heterologous protein induction in
PichiaPink™ yeast strains. (a) Yeast transformed with pPink-oF-MBP-TEV-
Pen m 4 expression vector by SDS-PAGE and WB (annotated by the used
mAb designation). Lanes: [1], Strain 1; [2], Strain 2; [3], Strain 3; [4], Strain
4. M - Pierce™ Unstained Protein MW Marker #26610 (see note in 2.2.14)
and Spectra™ Multicolor Broad Range Protein Ladder. (b) Analysis of yeast,
transformed with pPink-aF-Pen m 4 expression vector, culture media samples
after induction with MeOH. Culture samples were concentrated with MeOH
before being fractioned in SDS-PAGE gel. The names of the strains are written
above the corresponding lane numbers. Two colonies from each strain are
shown. M - Pierce™ Unstained Protein MW Marker #26617.

rPen m 4 production in P. pastoris gave unexpected results. SDS-PAGE
analysis of all four strains containing the expression vector pPink-aF-Pen m 4
after induction with MeOH showed protein band sizes from 45-65 kDa and no
band corresponding to the theoretical rPen m 4 MW of 23 kDa (Fig. 3.6b).

3.2.5 Purification and characterization of P. pastoris-produced
rPen m 4

Several tests were performed to elucidate the protein identity in Fig. 3.6b.
Dialyzed extracellular P. pastoris Strain 2 medium containing the secreted
rPen m 4 protein was subjected to affinity FPLC on a Ni-NTA SuperFlow
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column (see 2.2.23). Purifications using the AKTApurifier 100 chromatography
system were performed by Dr. Mindaugas Zaveckas. The yield of purified
P. pastoris-produced rPen m 4 was approximately 17 mg/L (Fig. 3.7a lane 3).
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Figure 3.7: Analysis of rPen m 4 variants by (a) SDS-PAGE and (b, ¢, d) WB
(annotated by the used lectin (b) mAD (c) or positive human sera (d) designa-
tion). Lanes: P. pastoris-produced rMBP-Pen m 4 purified by [1] anion and [2]
cation exchange chromatography; [3], P. pastoris-produced rPen m 4; [4], deg-
lycosylated P. pastoris-produced rPen m 4; [5], E. coli-produced rtMBP-Pen m 4;
[6], E. coli-produced rPen m 4; [7], E. coli-produced rMBP with a 6xHis tag;
[8], P. monodon allergen extract. M — PageRuler™ Prestained Protein Ladder
#26617. Proteins were separated in 14% SDS-PAGE gels. (b) Glycosylation
analysis was performed with the Con A lectin; (d) IgE analysis was performed
with double-positive human sera, which was positive to P. monodon allergen
extract and the Pen m 4 allergen.

WB with mAb against the 6xHis tag verified the existence of a His-tagged
protein (Fig. 3.7c lane 3). Specific reactivity was observed with 45 kDa to
60 kDa protein bands, which did not correspond to the theoretical rPen m 4
MW of 23 kDa. The higher MW suggests that P. pastoris-produced rPen m 4
could have undergone hyperglycosylation (Singh and Bhalla 2006; Ahmad
et al. 2014). Plasmid verification by sequencing, new transformations, and

testing different colonies and growth conditions did not influence the obtained
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results.

We evaluated whether these findings would apply to recombinant Pen m 4
produced in other yeast systems. However, rPen m 4 purified from Klu-
veromyces lactis WGI (wild-type), WSS (dolichol kinase mutant), WSSA pep4
(pep4 peptidase mutant) strains (Ziogiene et al. 2019) had an apparent MW of
approximately 23 kDa — consistent with the predicted MW of rPen m 4 (Fig.
3.8), which suggested that the observed effects are specific to P. pastoris. All
experiments with K. lactis-produced rPen m 4 prior to purification were done
by Dr. Danguolé Ziogiené and Andrius Burdulis, purifications with ZYMO
Research columns (see 2.2.19) were performed by Juta Dvareckiené.
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Figure 3.8: Analysis of K. lactis-produced rPen m 4 by SDS-PAGE. K. lactis
strains are indicated above the respective lanes. Lanes: [1], wash fraction;
[2-5], elution fractions. M — PageRuler™ Unstained Protein Ladder #26614.
Proteins were separated in 14% SDS-PAGE gels. The pKDSU-PGK1-Pen m 4
plasmid construction and the following K. lactis strain transformation were
performed by Dr. Danguolé Ziogiené, and the transformed cultures were
grown by Andrius Burdulis. Purification was carried out via ZYMO His-Spin
Protein MiniPrep™.

The Pen m 4 gene is predicted to have two O-glycosylation sites and
one N-glycosylation site, as determined using a random forest algorithm and
pairwise pattern prediction tool (Hamby and Hirst 2008). To evaluate whether
the increased molecular mass of P. pastoris-produced rPen m 4 could be related
to glycosylation, the protein was treated with PNGase F and analyzed using a
Con A lectin assay (Fig. 3.7b lane 4) (see 2.2.27, 2.2.28).

The glycosylation assay confirmed that the protein was mostly N-glycosyl-
ated. Residual Con A activity after PNGase F treatment suggested that not
all carbohydrate-associated modifications were removed. The residual signal
may reflect incomplete deglycosylation with PNGase F, O-glycosylation, or
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glycation (de Oliveira et al. 2016). WB analysis of the deglycosylated sample
with mADb against the 6xHis tag revealed four distinct protein bands of ap-
proximately 55 kDa, 47 kDa, 35 kDa, and 23 kDa sizes (Fig. 3.7c lane 4). The
smallest band corresponded to the calculated MW of rPen m 4.

These results suggest that the broad 45-65 kDa signal observed for rPen m 4
is at least partly explained by heterogeneous glycosylation in the P. pastoris
expression system. However, glycosylation alone does not fully explain the
persistence of higher molecular mass forms after deglycosylation. Therefore,
stable dimer formation is another likely contributing factor.

Natural shrimp SCPs are known to occur as dimers composed of two
polypeptide chains (a«, af, and 53) and Pen m 4 is a member of the « chain
group (Ayuso et al. 2009). In addition, transient dimer formation appears to
be common among allergens; one study reported that approximately 80% of
analyzed allergens can form transient dimers at high local protein concentra-
tions reached through cellular colocalization (Rouvinen et al. 2010). ESI-MS
analysis (see 2.2.29) of purified rPen m 4 revealed the dominant protein peak
of 47 kDa MW (Fig. 3.9), which is close to the calculated MW of a Pen m 4
homodimer and approximately 1.3 kDa higher than expected. The difference
may be explained by the residual carbohydrate modifications after PNGase F

treatment.
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Figure 3.9: ESI-MS analysis spectrum of P. pastoris-produced rPen m 4. MS
analysis was conducted by Dr. Audroné Ruksénaiteé.
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Native SCP dimers dissociate in the presence of SDS or urea to monomers
(Wnuk and Jauregui-Adell 1983; Ayuso et al. 2009). In contrast, the 47 kDa
band remained detectable after incubation under several denaturing or reduc-
ing conditions, including 4-6 M urea, 4-6 M GuaHCl, 50-250 mM DTT, 100
mM EDTA, and heating at 100 °C for 30 min. This suggests that P. pastoris-
produced rPen m 4 may form unusually stable dimers. Glycosylation or other
carbohydrate-associated modifications may contribute to the altered migration
and/or stability of these forms. Similar dimerization has been reported for
other proteins produced in P. pastoris, for example the FKBP12 and PDIA2
proteins (Z Li et al. 2010; AK Walker et al. 2013).

Glycation was also considered as a possible contributor to the observed
electrophoretic pattern. The Pen m 4 sequence contains a relatively high
proportion of lysine residues (7.2% of the total amino acid content), which may
favor non-enzymatic glycation reactions. In addition, protein smearing above
the main bands and residual Con A reactivity after PNGase F treatment are
consistent with the possibility of covalently attached carbohydrate residues
(Lima and Baynes 2013; de Oliveira et al. 2016). However, the current study
could not confirm the exact PTM responsible for the higher MW forms.

Despite this heterogeneity, P. pastoris-produced rPen m 4 retained sIgE
reactivity. Both glycosylated and deglycosylated rPen m 4 samples reacted
with sera from P. monodon-allergic patients positive for Pen m 4, while no
non-specific cross-reactivity with unrelated antibodies was observed (Fig. 3.7d
lanes 3 and 4). Therefore, strain 2, shown in Fig. 3.6b lane 3, was selected for
further experiments. Overall, these findings indicate that P. pastoris-produced
rPen m 4 is a stable, IgE-reactive recombinant allergen, although glycosylation

controls should be included when using this protein in diagnostic applications.

3.2.6 Purification and characterization of P. pastoris-produced
rMBP-Pen m 4

Comparative purification of rMBP-Pen m 4 fusion protein was performed
using two methods: cation exchange (CEX) and anion exchange (AEX) chro-
matography (see 2.2.22). In both cases, the extracellular medium containing
the secreted rMBP-Pen m 4 was dialyzed (see 2.2.20) with the appropriate
buffer before being subjected to ion-exchange FPLC on either SP Sepharose
Fast Flow (CEX) or Q Sepharose Fast Flow (AEX) columns. Fractions eluted
with NaCl were pooled and analyzed by SDS-PAGE and Image] 1.50b software
(see 2.2.24). Purifications using the AKTApurifier 100 chromatography system
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were performed by Dr. Mindaugas Zaveckas.

Interestingly, while target protein purity was ascertained to be the same
after both purifications (Fig. 3.10a lanes 2 and 3; Fig. 3.7a lanes 1 and 2), glyco-
sylation analysis (see 2.2.27, 2.2.28) showed completely different glycosylation
profiles. The main band of rMBP-Pen m 4 purified via AEX (Fig. 3.10b lane 2;
Fig. 3.7b lane 1) was mostly non-glycosylated. Lower MW glycosylated bands
comprised the splintered glycosylated MBP (Fig. 3.10c lane 2). Contrary to
these results, analysis of rMBP-Pen m 4 purified by CEX exposed the glycosy-
lation of only the main protein band (Fig. 3.10b lane 3; Fig. 3.7b lane 2). The
yield of P. pastoris-produced rMBP-Pen m 4 purified via AEX and CEX was
39.5 mg/L and 1.5 mg/L, respectively.

(a) (b) (c) mADb against
Concanavalin A MBP tag

KDap 1 3 kbPaly 1 5 3lkDaly 1 2 3l
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Figure 3.10: Analysis of purified P. pastoris-produced rPen m 4 and rMBP-
Pen m 4 proteins by (a) SDS-PAGE and (b, ¢) WB (annotated by the used mAb
or lectin designation). Lane: [1], rPen m 4; [2], rMBP-Pen m 4 purified via
AEX; [3], rtMBP-Pen m 4 purified via CEX. M - Spectra™ Multicolor Broad
Range Protein Ladder. (b) WB glycosylation analysis was performed with
Con A lectin; (c) WB analysis was performed using mAb against the MBP tag.
Proteins were separated in 14% SDS-PAGE gels.

ESI-MS analysis (see 2.2.29) of purified rMBP-Pen m 4 proteins revealed that
the MW of the proteins was 2.28-2.29 kDa lower than the calculated theoretical
MW (Fig. 3.11). This distinction was also confirmed by WB analysis with mAb
against the 6xHis-tag, as P. pastoris-produced rMBP-Pen m 4 proteins did not
react (Fig. 3.7c lanes 1 and 2). In contrast, specific reactivity was observed
in WB with mAb against the MBP tag (Fig. 3.10c lanes 2 and 3; Fig. 3.6) and
P. monodon positive human sera (Fig. 3.7d lanes 1 and 2). Taken together,
these results suggest proteolytic removal of the N-terminal 6xHis-containing
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region of the 6xHis-MBP-TEV-Pen m 4 construct, while the MBP and Pen m 4
portions remained detectable.
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Figure 3.11: ESI-MS analysis spectrum of P. pastoris-produced rMBP-Pen m 4,
purified by (a) CEX and (b) AEX chromatography. MS analysis was conducted
by Dr. Audroné Ruksénaiteé.

In addition to this N-terminal processing, an MBP-reactive proteolysis
product (~ 45 kDa) was detected by WB with mAb against the MBP tag
(Fig. 3.6a lane 2). Because this fragment retained MBP reactivity but was
smaller than the intact rMBP-Pen m 4 fusion protein, it most likely represents
a second cleavage pattern affecting regions C-terminal to the MBP domain,
such as the linker/spacer region or the fused Pen m 4 cargo sequence. This
observation is consistent with previous reports of MBP-fusion protein degrada-
tion in P. pastoris, where a putative MBP-associated protease was proposed to
recognize the three-dimensional structure of the fusion protein rather than a
specific amino acid sequence (Z Li et al. 2010; Moua et al. 2016). The exact cleav-
age site was not mapped in the present study; therefore, this interpretation
is based on the apparent molecular mass of the fragment, MBP-specific WB
reactivity, and comparison with published MBP-fusion protein degradation
patterns.

Although these results indicate partial proteolytic processing of rMBP-
Pen m 4, the MBP-fusion strategy was still evaluated as a production approach
because the fusion protein remained detectable, purifiable, and immunoreac-
tive. Previous studies have shown that MBP fusion can improve the yield and
secretion efficiency of recombinant proteins in P. pastoris; however, this effect
is target-dependent, and empirical optimization is required for each protein
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(Moua et al. 2016).

P. pastoris-produced rMBP-Pen m 4 was purified using cation and anion
exchange chromatography, yielding 1.5 mg/L and 39 mg/L, respectively. The
significant difference between protein yields highlights the importance of
comparative studies when designing production and purification strategies.
The protein remained detectable after purification under both acidic and
alkaline conditions; however, samples purified using different ion-exchange
resins showed distinct glycosylation profiles. Despite the observed proteolytic
processing, fusion with MBP increased the yield of rPen m 4 2.3-fold, making
it the most successful strategy tested for producing rPen m 4 in the eukaryotic

expression system.

3.2.7 Immunoreactivity of rPen m 4 and rMBP-Pen m 4

Four groups of patient plasma were used to test recombinant Pen m 4
proteins (Table 3.2): (i) twelve individual human plasma samples tested positive
for Pen m 4 sIgE; (ii) Pool-positive, pool composed of eight human plasma
samples, tested positive for P. monodon allergen extract but negative for Pen m 4
sIgE; (iii) Pool-negative, pool composed of eight human plasma samples, tested
negative for IgE, and (iv) one hundred individual P. monodon allergy negative
human plasma samples. Two standard allergy diagnostic platforms were
used to accurately compare the recombinant proteins: indirect ELISA and

reverse-phase protein microarray.

Table 3.2: Characteristics of human plasma and serum samples used in the
assays.

No. of P. monodon Pen m 4 Other
Serum pool
samples sIgE sIgE allergens
i 12 Positivel:? Positive!:? Positivel:? Double-positive pool
ii. 8 Positivel? Negativel? Positivel? Positive-pool
iii. 8 Negative! Negative! Negative! Negative-pool
iv. 100 Negative!? Negativel? Positivel:?

' IgE ALEX*® Allergy test — sIgE > 0.30 kU/L = positive; < 0.30 kU/L = negative.
2 ImmunoCAP™ or Phadia UniCap™ assays — sIgE > 0.35 kU/L = positive; < 0.35 kU/L =
negative.

First, the immunoreactivity of rMBP-Pen m 4, produced in P. pastoris
was evaluated. Indirect ELISA (see 2.2.30, 2.2.32) results showed that rMBP-
Pen m 4 purified via AEX reacted significantly more strongly with sIgE than
rMBP-Pen m 4 purified by CEX (Fig. 3.12). A paired Student’s t-test with 12
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observations (each measured in triplicate) supported the statistical significance
with p = 4.3684 x 10°. These results imply that purification at pH 7.5 (AEX
conditions), close to the physiological pH, helps the protein retain its native

conformation, preserving the conformational epitopes recognized by sIgE.

m rMBP-Pen m 4 (P. pastoris) CEX
rMBP-Pen m 4 (P. pastoris) AEX
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Figure 3.12: Immunoreactivity analysis of P. pastoris-produced rMBP-Pen m 4
proteins in an indirect ELISA platform. CEX - represents rMBP-Pen m 4
purified through cation exchange chromatography, and AEX - represents
rMBP-Pen m 4 purified through anion exchange chromatography. [1-12]
correspond to individual plasma from P. monodon-sensitized patients positive
for Pen m 4; PP - pool-positive (P. monodon sIgE-positive, but Pen m 4 sIgE-
negative, n = 8); PN — pool-negative (n = 8).

Analysis of the indirect ELISA results (Fig. 3.13) showed that all synthe-
sized rPen m 4 proteins specifically bound Pen m 4 sIgE in human plasma
samples with no evidence of non-specific interactions. One-way repeated
measures ANOVA was performed to determine whether recombinant Pen m 4
proteins exhibited significant differences in IgE reactivity across sera. Positive
and negative controls were excluded from the statistical analysis and pairwise
comparison to avoid artificially inflating variability. The ANOVA analysis
revealed significant differences among proteins F'(4, 44) = 41.28, p < 0.001,
indicating variability in reactivity. A one-way ANOVA was also performed on
the technical replicates to assess the consistency of all measurements. The anal-
ysis yielded a low F-value and high p-value F(2, 213) = 0.014, p = 0.986,
indicating no significant variability between the technical replicates and con-
firming high measurement consistency. Fig. 3.13 shows that E. coli-produced
proteins exhibited higher sensitivity when tested with serum 11, which had a
very low sIgE count. However, E. coli-produced rPen m 4 also showed higher
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Figure 3.13: Immunoreactivity analysis of rPen m 4 variants in an indirect
ELISA platform. AEX - represents rMBP-Pen m 4 purified through anion ex-
change chromatography. [1-12] correspond to individual plasma from P. mon-
odon-sensitized patients positive for Pen m 4; PP - pool-positive (P. monodon
sIgE-positive, but Pen m 4 sIgE-negative, n = 8); PN — pool-negative (n = 8).
The dotted line represents the cut off.

Post hoc comparisons were conducted using the Bonferroni correction,
which revealed specific protein pairs with significant differences in their re-
activity (Fig. 3.14, Table 3.3). E. coli-produced rMBP-Pen m 4 and rPen m 4,
and P. pastoris-produced rPen m 4 differed significantly from both P. pas-
toris-produced rMBP-Pen m 4 (CEX and AEX). Additionally, rMBP-Pen m 4
purified via AEX differed significantly from rMBP-Pen m 4 purified via CEX.
P. pastoris-produced rMBP-Pen m 4 proteins had the lowest median reactivity,
which is a disadvantage for diagnostic test sensitivity but an advantage if such
recombinant proteins were to be used in AIT, as they would elicit a lower
immune response. Other protein variants reacted with similar intensity, with
E. coli-produced rMBP-Pen m 4 having the highest median reactivity, but not
high enough to be significantly different.
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Figure 3.14: IgE reactivity of patient plasma with recombinant Pen m 4 proteins
visualized in a boxplot. Lane: [1], P. pastoris-produced rMBP-Pen m 4 purified
through cation exchange chromatography (CEX) and [2] - through anion
exchange chromatography (AEX); [3], P. pastoris-produced rPen m protein; [4],
E. coli-produced rMBP-Pen m 4; [5], E. coli-produced rPen m 4; [6], P. monodon
allergen extract. The data represents normalized IgE reactivity across 13
individual plasma from P. monodon-sensitized patients positive for Pen m 4.
Reactivity is represented as normalized OD values, and significant differences
between proteins are annotated with asterisks (xx = p < 0.01, *x*x=p <
0.001).

Table 3.3: Pairwise comparisons after repeated measures ANOVA and
Bonferroni-corrected post hoc analysis.

A System A B System B p-unc p-corr Reject Hg
rMBP Pen m 4 E. coli rPen m 4 E. coli 0.1305 1.0000 False
rMBP Pen m 4 E. coli rPenm 4 P. pastoris  0.0093 0.0932 False
rMBP Pen m 4 E. coli rMBP Pen m 4, AEX P. pastoris  0.0001 0.0010 True
rMBP Pen m 4 E. coli rMBP Pen m 4, CEX P. pastoris  0.0000 0.0003 True
rPen m 4 E. coli rPen m 4 P. pastoris  0.0256 0.2557 False
rPen m 4 E. coli rMBP Pen m 4, AEX P. pastoris  0.0001 0.0010 True
rPen m 4 E. coli rMBP Pen m 4, CEX P. pastoris  0.0000 0.0003 True
rPen m 4 P. pastoris rMBP Pen m 4, AEX P. pastoris  0.0001 0.0009 True
rPen m 4 P. pastoris rMBP Pen m 4, CEX P. pastoris  0.0000 0.0003 True

rMBP Pen m 4, AEX P. pastoris rMBP Pen m 4, CEX P. pastoris  0.0000 0.0004 True

p-unc — uncorrected p-value, tells the significance without accounting for multiple
comparisons; p-corr — Bonferroni-corrected p-value, calculated by multiplying the p-unc by
the number of comparisons, it controls the family-wise error rate to reduce false positives;
Reject Ho - reject the null hypothesis, this indicates whether the null hypothesis (no
difference between the two groups) is rejected after correction. True if p-corr < 0.005 -
significant difference between the pair, False if p-corr > 0.005 — no significant difference.
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Reverse-phase protein microarray analysis (see 2.2.31, 2.2.34) supports the
indirect ELISA findings, which show that E. coli-produced Pen m 4 variants
bind more readily to sIgE Ab. Interestingly, ELISA results did not show high
differences between the E. coli-produced Pen m 4 variants’ sensitivity; how-
ever, the protein microarray revealed that E. coli-produced rMBP-Pen m 4
outperformed E. coli-produced rPen m 4 MFI levels.

All MFI values were logs-transformed to stabilize variance and reduce
right skew. This compression of high intensities made the overall distribution
more Gaussian-like and evened the spread of values. The logs transformation
also makes fold-change interpretation easier: each one-unit increase in the
logs scale translates to a doubling of MFI intensity values.

Reverse-phase protein microarray experiment not only tested which Pen m 4
variant was more suited for P. monodon Pen m 4 sIgE detection, but also at
which concentration the highest sensitivity was achieved without losing speci-
ficity (see 2.2.33). The decision of which concentration to choose was also
impacted by our protein microarray optimization experiment with over 100
sera samples from individuals with a negative P. monodon allergen extract sIgE
test result (sIgE < 0.3 kU/L) but positive to other allergies. This experiment
showed that at concentrations greater than 0.25 mg/mL, false-positive results
were observed from all four recombinant proteins. Lower concentrations than
0.125 mg/mL showed drastically reduced signals. Also, a case in which a
patient was only sensitized to the Pen m 4 allergen but not sensitized (sIgE <
0.1 kU/L) to the Pen m 1 and Pen m 2 allergens was noted, reflecting previously
published data, that showed that Pen m 4 is capable of mono-sensitization
(Sogo et al. 2018). Also, some false-positive results were observed with the
P. pastoris-produced rPen m 4 variants. These false positives could indicate
that yeast glycosylation patterns could interfere with the correct diagnosis if
the diagnostic array does not contain CCD markers (Kozlov et al. 2025).

Considering all factors, 0.25 mg/mL concentration was chosen to illustrate
the microarray results. As shown in Fig. 3.15, rMBP-Pen m 4 (E. coli) exhibited
the highest sensitivity in 66% of plasma, with rPen m 4 (E. coli) being a close
second (33%). Interestingly, reactions with the patient plasma sample 11
remained below the cut-off threshold in the microarray experiment as opposed
to the ELISA experiment (Fig. 3.13). The false negative result showed that
while protein microarray shares a similar underlying design with ELISA, its
higher sensitivity comes at the cost of increased background noise, which can
obscure true positives.
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Figure 3.15: IgE reactivity of patient sera with rPen m 4 proteins and the
P. monodon allergen extract in a reverse-phase protein microarray platform.
The graph depicts the results of proteins spotted at concentrations of 0.25
mg/mL. [1-13] are individual sera from P. monodon sensitized patients positive
for Pen m 4; PP - pool-positive (P. monodon sIgE-positive, but Pen m 4 sIgE-
negative, n = 8); PN - pool-negative (n = 8). The y-axis displays normalized
logs MFI values; each one-unit difference on this scale corresponds to a two-
fold change in raw MFI intensity. The cut off is shown in the figure.

A linear mixed-effects model (LMM) was performed on the raw normalized
logo MFI values to analyze these results further. LMM was chosen considering
that some replicates were missing after spot quality screening. Controls were
filtered out from the analysis but kept in for boxplot visualization. LMM
analysis confirmed that protein construct significantly influenced reactivity to
plasma (likelihood-ratio x?(3) = 88.78, p = 1.77 x 10~ '®), which meant that
proteins exhibited significant differences in their IgE binding. The highest
mean reactivity was observed from rMBP-Pen m 4 (E. coli), with a value of
12.05. The following post hoc Bonferroni-corrected analysis showed significant
differences between all E. coli and P. pastoris pairs, but no significant differences
within the same systems (Fig. 3.16, Table 3.4). This showed that although
rMBP-Pen m 4 (E. coli) reacted more strongly than rPen m 4 (E. coli), the
difference was not significant. However, taking these results together with
the achieved protein production rates, E. coli-produced rMBP-Pen m 4 proves

to be the optimal choice for allergy diagnostics.
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Figure 3.16: IgE reactivity of patient plasma with recombinant Pen m 4 pro-
teins visualized in a boxplot. Lanes: [1], E. coli-produced rMBP-Pen m 4; [2],
P. pastoris-produced rMBP-Pen m 4 purified via AEX; [3], E. coli-produced
rPen m 4; [4], P. pastoris-produced rPen m 4 protein; [5], P. monodon allergen
extract. The data represents normalized logo MFI values across 13 individual
plasma from P. monodon-sensitized patients positive for Pen m 4. Significant
differences between proteins are annotated with asterisks (x *x = p < 0.001).

Table 3.4: Bonferroni-corrected pairwise comparisons of mean serum reactivi-

ties.

A System A B System B p-unc p-corr Reject Hg
rMBP-Pen m 4 E. coli rMBP-Pen m 4 P. pastoris  0.0000 0.0000 True
rMBP-Pen m 4 E. coli rPen m 4 E. coli 0.0737 0.4420 False
rMBP-Pen m 4 E. coli rPenm 4 P. pastoris  0.0000 0.0000 True
rMBP-Pen m 4 P. pastoris rPen m 4 E. coli 0.0000 0.0000 True
rMBP-Pen m 4 P. pastoris Penm 4 P. pastoris  0.3615 1.0000 False
rPen m 4 E. coli rPen m 4 P. pastoris  0.0000 0.0000 True

p-unc — uncorrected p-value, tells the significance without accounting for multiple
comparisons; p-corr — Bonferroni-corrected p-value, calculated by multiplying the p-unc by
the number of comparisons, it controls the family-wise error rate to reduce false positives;
Reject Ho - reject the null hypothesis, this indicates whether the null hypothesis (no
difference between the two groups) is rejected after correction. True if p-corr < 0.005 —
significant difference between the pair, False if p-corr > 0.005 — no significant difference.

Interestingly, while fusion with MBP increased recovered protein mass, it

did not increase the calculated molar yield of allergen-containing molecules
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(Table 3.5). This distinction is important because the immunological assays
were performed using equal protein mass for coating, as is common in ELISA
and protein microarray workflows. Under these mass-normalized conditions,
MBP-fusion proteins contained fewer allergen-containing molecules than their

non-fused counterparts because of their higher molecular mass.

Table 3.5: Comparison of mass and molar yields of non-fused and MBP-fused
recombinant proteins.

MW Yield Mass Molar yield*  Molar

System Protein (kDa) (mg/L) ratio™” (pmol/L) ratio™”
E. coli rPen m 4 23 52 2.26

E. coli rMBP-Pen m 4 66 66 127 1.00 044
P. pastoris rPen m 4 23 17 299 0.74 0.79
P. pastoris rMBP-Pen m 4 67 39.5 ’ 0.59 :

" Molar yield was calculated as yield (mg/L) divided by calculated MW (kDa).
" Ratios indicate the effect of MBP fusion within each expression system.

For the E. coli-produced variants, lower molar concentration did not result
in reduced IgE signal, as rPen m 4 and rMBP-Pen m 4 did not differ significantly
in either ELISA or microarray analysis. This indicates that the MBP-fusion for-
mat retained strong apparent IgE reactivity despite containing fewer Pen m 4
molecules at the same coated mass. In contrast, P. pastoris-produced rMBP-
Pen m 4 showed no significant reduction in ELISA but produced lower signals
in the microarray assay. Since the same molar-loading disadvantage did not
reduce the signal of the E. coli-produced MBP fusion, the weaker microar-
ray reactivity of P. pastoris-produced rMBP-Pen m 4 is more likely related
to construct- or expression system-specific protein properties. Conversely,
a comparable or higher signal despite fewer allergen-containing molecules
may reflect favorable properties of the MBP-fusion format, such as improved
adsorption or retention on the assay surface, better preservation or exposure
of IgE epitopes, altered surface orientation, or improved folding (Crowther
2000).

3.2.8 CCD interference in IgE binding to rPen m 4

Glycosylation patterns that do not include classical CCD markers, such
as mannosylation seen in yeast, are unclear in their interaction with anti-
CCD IgE (more information in 1.4.3). To understand whether anti-CCD IgE

could have influenced the results of our assays, CCD interference analysis was
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performed on the rPen m 4 variants produced by P. pastoris. In this experiment,
HRP acted as a marker for aberrant glycosylation (Homann et al. 2017).

The normalized loga MFI values for uninhibited and inhibited sera were
paired and tested for normality using the Shapiro-Wilk test. If the Shapiro-
Wilk yielded p > 0.05, a paired Student’s t-test was applied; otherwise, a
Wilcoxon signed-rank test was used. Raw p-values for the tested proteins
were adjusted to control the false discovery rate (FDR = 5%) via the Benjamini-
Hochberg procedure. A two-way repeated-measures ANOVA was fitted with
the tested proteins and HRP as within-subject factors and plasma as the subject
to evaluate the overall inhibitor effect. Significance thresholds were set at « =
0.05. In the microarray results (Fig. 3.17), a slight reduction of MFI signals in
most plasma samples was observed; however, some signals intensified in HRP-
inhibited sera. Statistical analysis showed no significant difference between
HRP-inhibited and uninhibited plasma groups, except in the case of HRP,
which was added as a positive control for glycan sIgE.

However, false positive results were observed with the P. pastoris-produced
rPen m 4 variants when tested with sera from individuals with a negative
P. monodon allergen extract sIgE test result (sIgE < 0.3 kU/L) but positive
for other allergies. Together with the findings of Kozlov et al. 2025, these
results suggest that yeast-derived glycosylation patterns may contribute to
false-positive IgE signals and could interfere with correct diagnosis if diagnos-
tic arrays do not include CCD markers. In most cases, mannosylation does
not significantly affect sIgE binding; false positives are seen in patients with
high anti-CCD IgE antibody levels. Still, such patients can have false positive
results even with ImmunoCAP assays, where anti-CCD IgE react with the
ImmunoCAP cellulose matrix. All these cases can be negated by CCD blockers
used before in vitro IgE assays (Hemmer et al. 2018; Kozlov et al. 2025). Alterna-
tively, mutating N-glycosylation sites before expression in yeast can also be an
option for in vitro diagnosis. However, for AIT, P. pastoris glycosylation could
still be useful as mannosylation reflects the native glycosylation pattern of
many common allergens, and it enables production of a recombinant allergen
closely related to its native form (Al-Ghouleh et al. 2012).
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Figure 3.17: CCD interference analysis, which is visualized in a line graph.
P. pastoris-produced rMBP-Pen m 4 and rPen m 4 binding to sIgE was analyzed
in HRP-uninhibited and HRP-inhibited plasma, analyzing whether the addition
of a carbohydrate determinant marker had a significant difference in MFI
signals. P. monodon allergen extract acts as a positive control for positive
sera; HRP was used as a carbohydrate determinant marker. [1-13] - individual
plasma from P. monodon-sensitized patients positive for Pen m 4; PC1 and PC2 -
plasma, positive for glycan sIgE; PP — pool-positive (n = 8); PN - pool-negative
(n = 8). Protein mixtures were spotted at 0.25 mg/mL concentrations and HRP
at 0.05 mg/mL. The y-axis displays normalized loga MFI values. Significant
differences between inhibited and uninhibited plasma are annotated with
asterisks (ns = p > 0.05, *xx =p < 0.001)

3.2.9 IgE reactivity to rPen m 4 in Ca’"-depleted environment

The IgE reactivity of the Pen m 4 allergen is attributed to a mix of con-
formational and linear IgE epitopes. Like most SCPs, some conformational
epitopes are maintained by Ca?*-chelation. A prior study noted that a strong
Ca®T chelator negatively affects the diagnostic sensitivity of Pen m 4, as is the
case with other EF-hand Ca?"-binding allergens (Morii et al. 2013; Tomura
et al. 2008). The underlying problem is that in vitro allergy diagnostic tests do
not specify what type of blood sample should be used. Most laboratories use

122



either blood serum or plasma to diagnose and develop allergy test kits. Plasma
samples are collected when blood is treated with an anticoagulant, inhibiting
blood clot formation. These anticoagulants work based on Ca?*-chelation
(EDTA, trisodium citrate, and fluoride) or by inhibition of thrombin (heparin).
For example, only serum is usually used when analyzing ionized calcium (iCa)
levels in blood, since anticoagulants can alter the sample. If plasma must be
used for faster diagnosis, a negative bias needs to be considered; however, the
calculated iCa levels correlate poorly with the iCa levels determined using
serum analysis (Jafri et al. 2014). In vitro allergy diagnostics do not consider
these inconsistencies.

This experiment aimed to analyze whether blood collected in blood collec-
tion tubes with added EDTA as an anticoagulant would affect in vitro rPen m 4
diagnosis. To test this, a Pen m 4-positive serum pool was diluted with buffer
supplemented with 5 mM of EDTA, a standard EDTA concentration found
in blood collection tubes. Fig. 3.18 shows the significant difference between
the two conditions; adding 5 mM EDTA reduced IgE reactivity to rPen m 4 by
61-73%, while the analysis with the P. monodon extract showed no significant
difference. Further analysis showed that increasing EDTA to 6 mM did not
significantly alter IgE reactivity compared to 5 mM. However, increasing the
number of replicates led to improved statistical power, revealing significant
differences even for the P. monodon extract between non-supplemented and
supplemented sera.

These results are preliminary and should be validated using blood samples
collected directly from allergic patients in different blood collection tubes.
Nevertheless, they underscore the need for deeper analysis of recombinant

allergens before their implementation in allergy diagnostics.
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Figure 3.18: Effect of Ca*-depletion on the IgE reactivity of rPen m 4 proteins
and the P. monodon allergen extract. ELISA analysis was performed with
pooled sera from P. monodon-sensitized patients positive for Pen m 4 and
P. monodon extract (n = 12). Significant differences between the 5 mM EDTA-
supplemented and unaltered sera groups are annotated with asterisks (ns =
p>0.05 *x=p<0.05 *xx=p<0.01 *x*xx=p<0.001). The cut
off is shown in the figure.
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3.3. Recombinant allergen Can f 6 production and immuno-
logical characterization

3.3.1 Generation of codon-optimized Can f 6 allergen sequence

The Can f 6 gene was re-engineered with GenScript’s OptimumGene™
software workflow to suit the codon-usage bias of the yeast production host.
During the redesign, mRNA secondary structure was predicted based on codon
compatibility, and key cis-regulatory motifs that influenced transcriptional and
translational efficacy were simultaneously balanced. A side-by-side compari-
son of the native Can f 6 sequence (nCan f 6) with its optimized counterpart
(rCan f 6) was summarized in Table 3.6. Both versions fall within the rec-
ommended windows for GC content and CFD. The decisive difference was
observed in CAI and CFD values: rCan f 6 shows a marked increase and de-
crease, respectively, approaching the optimal CAI and CFD range for yeast,
whereas nCan f 6 remains below that threshold. Based on this — and in line
with the Pen m 4 results — rCan f 6 is expected to translate more efficiently

and yield higher recombinant protein levels in selected expression systems.

Table 3.6: The CAL GC content, and CFD in silico predictions for native and
recombinant Can f 6 constructs in E. coli and yeast expression hosts. The ideal
values of the predicted elements are shown.

Host / Parameters E. coli Yeast Ideal value
nPenm4 rCanf6 nCanfé6 rCanfé6

Codon adaptation index (CAI) 0.69 0.72 0.69 0.77 0.8-1.0

GC content (%) 38.63 42.69 38.63 42.69 30-70

Codon frequency distribution (CFD) 9 6 4 0 <30

The numerical values were generated by using the GenScript Rare Codon Analysis Tool

(https://www.genscript.com/tools/rare-codon-analysis)

3.3.2 Cloning, expression, and purification of rCan f 6 from
E. coli

C. familiaris Can f 6 gene encodes a 175-aa-long protein. The 528 bp Canf6
coding gene was subcloned into two distinct expression vectors (see 2.2): (i)
pET28a(+) and (ii) pET28a(+)-MBP-TEV. The goal was to determine if an MBP
segment could enhance recombinant allergen expression (Nallamsetty, Austin,
et al. 2005). Consistent with Pen m 4 construction (3.2.2), the codon-optimized
Can f 6 gene was amplified by PCR (see 2.2.6) using pUV57/Can f 6 plasmid as a
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template with primers pET28F_C6 and pET28R_C6 (see 2.1), which introduced
the restriction sites of BamHI and Xhol enzymes, respectively. In the first
vector, an N-terminal 6xHis tag was added to the Can f 6 gene (Fig. 3.19a). In
the second, Can f 6 was integrated with the N-terminal 6xHis-tagged MBP
protein coding gene (Fig. 3.19b). Both vectors were verified by sequencing in
the VU LSC IBT sequencing center.

(a)
RN T7 term
— 1 6xHis Canfé6 —
b Py
—> T7 term

—@ 6xHis MBP TEV Canf6 —

Figure 3.19: Schematic representation of recombinant Can f 6 gene expression
cassettes for production in E. coli. (a) pET28a(+)-Can f 6 expression vector, in
which the Can f 6 gene is N-terminally tagged with a 6xHis tag. (b) pET28a(+)-
MBP-TEV-Can f 6 expression vector, in which the Can f 6 gene is fused to
the C-terminal end of a 6xHis-MBP fusion protein coding gene with a TEV
protease recognition site between the fusion and passenger protein coding
sequences.

Expression of rCan f 6 constructs was demonstrated in E. coli strain BL21
(DE3) (see 2.2.8, 2.2.15, 2.2.11). SDS-PAGE (see 2.2.14) analysis revealed distinct
bands at 23.7 kDa (Fig. 3.20a) and 64.4 kDa (Fig. 3.20b), corresponding to
rCan f 6 and rMBP-Can f 6, respectively. These bands were evident in the
soluble fractions after IPTG induction (lane 3 in Fig. 3.20a and 3.20b) but not
before (lane 1 in Fig. 3.20a and 3.20b). Following batch purification of 6xHis-
tagged proteins from E. coli under native conditions (see 2.2.18), both rCan f 6
and rMBP-Can f 6 were isolated in their pure forms (lanes 11-14 in Fig. 3.20a
and lanes 10-14 in Fig. 3.20b). The yields post nickel-chelate chromatography
were 42 mg/L for rCan f 6 and 78 mg/L for rMBP-Can f 6. rMBP-Can f 6 was
detected in the wash fractions, indicating that the purification protocol may
require optimization to reduce protein loss.

Consistent with the published literature, rCan f 6 expressed in E. coli
was soluble. In the absence of MBP fusion, a yield of 42 mg/L was obtained,
surpassing previously reported yields of 21 mg/L achieved with the pGEX4T-2
plasmid (Yamamoto et al. 2019) and 25 mg/L using the pET20b vector (Nilsson
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etal. 2012). All studies, including this one, have employed the E. coli BL21 (DE3)
strain. Co-expression with MBP increased the yield to 78 mg/L, positioning

this method as the most efficient in E. coli-based expression systems.
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Figure 3.20: Analysis of E. coli expression and purification of rCan f 6 (a)
and rMBP-Can f 6 (b) by SDS-PAGE. Lanes: [1], lysate fraction from non-
induced E. coli; [2], lysate fraction from IPTG-induced E. coli; [3], soluble
fraction before purification with nickel-chelate chromatography; [4], soluble
fraction after incubation with Ni-NTA agarose; [5-9], wash fractions; [10-14],
elution fractions containing purified rCan f 6 and rMBP-Can f 6 proteins,
respectively. M — Pierce™ Unstained Protein MW Marker #26610 (see note in
2.2.14). Proteins were separated in (a) 12% and (b) 14% SDS-PAGE gels.

3.3.3 Characterization of rCan f 6 variants purified from E. coli

Recombinant protein expression was confirmed using WB (see 2.2.26)
analysis with mAb targeting 6xHis and MBP tags (Fig. 3.21). Protein stability
was evaluated after one month of storage under various conditions. As shown
in Fig. 3.21, lyophilization adversely impacted rCan f 6 (Fig. 3.21a lane 1) and
rMBP-Can f 6 (Fig. 3.21b lane 1). Short-term storage at 4°C, —20°C, and
—20°C supplemented with 40% glycerol did not show significant changes
(Fig. 3.21 lanes 2, 3, and 4). However, a follow-up assessment at 24 months
(data not presented) showed marked degradation for samples stored at 4°C
and —20 °C without glycerol. Conversely, samples stored at —20 °C with 40%
glycerol exhibited only marginal degradation.

Experimental data from this study indicate that rCan f 6 undergoes degra-
dation upon lyophilization, irrespective of its MBP fusion. Similar degradation
was also observed during prolonged storage at —20 °C without stabilizing
agents like glycerol (data not shown). This result ties in with studies analyz-
ing dog allergen concentration in commercial skin prick test (SPT) solutions,
which have shown that allergen profiles can vary significantly depending on
the manufacturer, and even between batches from the same supplier. Can f 6
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was consistently detected in low quantities across all tested SPT solutions.
This is a major concern, as basophil activation testing further showed that a
patient mono-sensitized to Can f 6 only reacted to SPT solutions containing
the highest amount of Can f 6 (Wintersand et al. 2019; Chan and Leung 2018).
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Figure 3.21: Analysis of purified E. coli-produced rCan f 6 (a) and rMBP-Can 6
(b) proteins by SDS-PAGE and WB (annotated by the used mAb designation).
Lanes: [1], protein samples after lyophilization; [2], protein samples after
storage at 4 °C; [3], protein samples after storage at —20 °C without glyc-
erol; [4], protein samples after storage at —20 °C with 40% glycerol; [5], S.
cerevisiae-produced 6xHis-tagged Hantavirus Sin Nombre nucleocapsid pro-
tein (Kucinskaite-Kodze et al. 2011). Protein samples were analyzed after one
month of storage. Lane [5] protein acts as a positive control for WB with mAb
against the 6xHis tag and a negative control for WB with mAb against the
MBP tag. M - Spectra™ Multicolor Broad Range Protein Ladder.

While this disparity could be attributed to using different dog breeds in SPT
solution development as studies have revealed that dog allergen levels depend
not only on the breed but also on grooming habits and coat-to-hair ratios.
In fact, up to several-fold variation has been reported among individuals
of the same breed (Vredegoor et al. 2012). However, Can f 6 is produced
by the submaxillary salivary gland and is present in dander; therefore, it
would be expected in all SPT solutions derived from C. familiaris epithelial
material (Yamamoto et al. 2019; Fernandez-Caldas et al. 2017). However, since

studies have shown that this is often not the case, the observed disparity
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likely reflects variations in in-house manufacturing methods. Given that many
commercially available dog allergen extracts are provided in a lyophilized
format, the susceptibility of Can f 6 to degradation during the lyophilization
process may account for its variability in these extracts. This sensitivity
highlights the importance of stability when developing products for clinical

use.

3.3.4 Molecular cloning and expression of rCan f 6 in P. pastoris

Considering the inherent limitations of E. coli, particularly concerning
PTMs and misfolding, alternative expression systems were explored (Schmidt
and Hoffman 2002). In this context, the production of rCan f 6 in P. pastoris was
pioneered. The PichiaPink™ expression system facilitated the production of
rCan f 6 variants in yeast, similarly to allergen Pen m 4 (see 3.2.4). The codon-
optimized Can f 6 gene was amplified by PCR (see 2.2.6) using pUC57/Can f 6
plasmid as a template with primers pPinkF_C6 and pPinkR_C6 (see 2.1). Post-
amplification, the gene, which now included a C-terminal 6xHis tag sequence,
was integrated into the Stul and Kpnl restriction sites of the pPink-oF-HC
vector (see 2.2). This resulted in a plasmid that allowed the expression of Can {6,
aligned with the S. cerevisiae a-mating factor pre-sequence and controlled by
the methanol-activated alcohol oxidase 1 (AOX1) promoter.

The rMBP-Can f 6 fusion protein was assembled by subcloning the entire
open reading frame (ORF) of 6xHis-MBP-TEV-Can f 6 sequence into the Stul
and Kpnl restriction sites of pPink-aF-HC expression vector. The Can f 6
ORF was created using pFX7-6xHis-MBP-TEV-Can f 6 plasmid, previously
constructed in S. cerevisiae, as a template with primers pPinkMBPF_C6 and
pPinkMBPR_C6 (see 2.1), which incorporated the restriction sites of Stul and
Kpnl enzymes, respectively.

The pPink-oF-Can f 6 (Fig. 3.22a) and pPink-aF-MBP-TEV-Can f 6 (Fig.
3.22Db) constructs were verified by sequencing at VU LSC IBT sequencing center.
Resulting sequences were checked with the “SnapGene Viewer” software.
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Figure 3.22: Schematic representation of recombinant Can f 6 gene expression
cassettes for production in P. pastoris. In frame with the S. cerevisiae alpha-
mating factor signal pre-sequence (aF-MF-SigSec) in (a) pPink-aF-Can f 6
expression vector, is the Can f 6 gene C-terminally tagged with a 6xHis tag;
in (b) pPink-aF-MBP-TEV-Can f 6 expression vector, is Can f 6 fused to the
C-terminal end of a 6xHis-MBP fusion protein coding sequence with a TEV
protease recognition site between the fusion and passenger protein sequences.

Preliminary experiments were conducted to discern which PichiaPink™
expression system strain (see 2.3) would be most adept at producing the
desired protein quantity. P. pastoris-produced fusion protein rMBP-Can f 6
theoretical MW was about 65 kDa. Following induction with methanol, all
strains containing the pPink-aF-MBP-TEV-Can f 6 vector showed consistent
protein bands, as characterized by SDS-PAGE (see 2.2.14) and WB (see 2.2.26)
analyses with an MBP-targeting mAb (Fig. 3.23).
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Figure 3.23: Analysis of media collected after heterologous protein induction
in PichiaPink™ yeast strains. Yeast transformed with pPink-aF-MBP-TEV-
Can f 6 expression vector by (a) SDS-PAGE and (b) WB (annotated by the used
mAb designation). Lanes: [1], Strain 1; [2], Strain 2; [3], Strain 3; [4], Strain 4;
(5], P. pastoris-produced rMBP (unpublished). M — Pierce™ Unstained Protein
MW Marker #26610 (see note in 2.2.14) and Spectra™ Multicolor Broad Range
Protein Ladder.

Interestingly, upon methanol induction, every strain transformed with
the pPink-aF-Can f 6 vector exhibited a dual-band pattern. The first band
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aligned with the anticipated theoretical 21 kDa MW of rCan f 6, while the
other seemed to represent a glycosylated version of the rCan f 6 protein (Fig.
3.24). Based on the random forest algorithm and pairwise pattern prediction
tool (see 2.4), allergen Can f 6 was predicted to have one O-glycosylation site,
three N-glycosylation sites, and, possibly, ten additional glycosylation sites.
This result was therefore expected. Strain 2 was chosen for both rCan f 6
variants for scale-up expression, based on protein quantity and stability.

3.3.5 Purification and characterization of P. pastoris-produced
rCanf 6

The dialyzed extracellular P. pastoris medium containing the secreted
rCan f 6 protein was processed via affinity FPLC using a Ni-NTA Superflow
column (Fig. 3.24a, see 2.2.23). The isolated protein purity and quantity were
assessed by SDS-PAGE (see 2.2.14) and quantified using Image]J 1.50b software
(see 2.2.24). The protein was estimated to be completely pure with a yield of
36 mg/L (lanes 7 and 8 Fig. 3.24b). The dual-band pattern was more clearly vis-
ible in concentrated elution fractions separated by 12% SDS-PAGE (Fig. 3.24a
elution fractions) rather than in pooled, diluted fractions separated by 14%
SDS-PAGE, where the two bands migrated closely and appeared as a single
dominant band (Fig. 3.24b). The dual-band pattern was analyzed by WB (see
2.2.26) with a 6xHis-targeting mAb and a glycosylation assay (see 2.2.27) with
Con A (Fig. 3.24b). Lane 1 (Fig. 3.24c), which contained the purified rCan f 6,
displayed two bands in WB and the glycosylation assay. Both bands appeared
with strong intensity in WB, whereas in the glycosylation assay, the upper
band was much more prominent than the lower. These results indicate that
both bands correspond to rCan f 6, with the upper band representing a hyper-
glycosylated form. Lane 2, containing the extracellular P. pastoris medium with
the secreted rCan f 6 protein, showed results consistent with lane 1 in the WB
with 6xHis-targeting mAbs. However, the glycosylation assay revealed only a
prominent upper band and additional higher MW bands, suggesting minimal
glycosylation of the lower band, which was mainly observed in concentrated
samples. Deglycosylation (see 2.2.28) of rCan £ 6 in lane 3 further confirmed
these observations.

P. pastoris glycosylation patterns predominantly comprise mannose residues,
as evidenced by Con A, which primarily favors mannan. Prior studies have
noted the importance of allergen mannosylation, describing it as the domi-

nant glycosylation pattern in most environmental allergens (Al-Ghouleh et al.
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Figure 3.24: Analysis of the purified P. pastoris rCan f 6 protein by (a, b) SDS-
PAGE and (c) WB (annotated by the used mAb designation). (a) D - dialysed
media fraction, and wash, elution fractions after purification with Ni-NTA
chromatography. M — Unstained Protein MW Marker #26610. (b) Lanes: [1-6],
correspond to BSA standards with concentrations of 0.25, 0.5, 0.75, 1, 1.5, and
2 mg/ml, respectively; [7] rCan f 6; [8] rCan f 6 diluted by 50%. M — Pierce™
Unstained Protein MW Marker #26614. (c) Lanes: [1], purified rCan f 6; [2],
dialyzed extracellular P. pastoris medium containing the secreted rCan f 6; [3]
purified rCan f 6 deglycosylated with PNGase F. M - Spectra™ Multicolor
Broad Range Protein Ladder. Proteins were fractioned in 12% (a, c¢) and 14% (b)
SDS-PAGE gels.

3.3.6 Purification and characterization of P. pastoris-produced
rMBP-Can f 6

The rMBP-Can f 6 fusion protein was isolated using two distinct methods:
cation exchange (CEX) and anion exchange (AEX) chromatography (see 2.2.22).
The collected fractions, post-purification, were evaluated using SDS-PAGE
(see 2.2.14) and the Image] 1.50b software (see 2.2.24). The yields of P. pas-
toris-produced rMBP-Can f 6 purified by CEX and AEX were 18.8 mg/L and
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57.5 mg/L, respectively. Further characterization was performed using WB
(see 2.2.26) with MBP-targeting mAb for protein identification, and Con A
lectin was used for glycosylation (see 2.2.27) profiling (Fig. 3.25). In comparing
the results from CEX and AEX, a greater degree of protein degradation was
observed in the former. SDS-PAGE gels and WB with MBP-targeting mAb
showed multiple bands for the protein sample purified via CEX (Fig. 3.25 lane
3), suggesting protein fragmentation.
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Figure 3.25: Analysis of the purified P. pastoris rCan f 6 protein variants by
SDS-PAGE and WB (annotated by the used mAb designation). Lanes: [1],
rCan f 6; [2], rtMBP-Can f 6 purified via AEX; [3], rMBP-Can f 6 purified
via CEX; [4], wash fraction from purification of rMBP-Can f 6 by CEX; [5],
E. coli-produced rMBP-Pen m 4. M — Spectra™ Multicolor Broad Range Protein
Ladder. Proteins were fractioned in 14% SDS-PAGE gels. Arrows designate
the probable MBP-containing and Can f 6-containing fragments.

Together with the rMBP-Pen m 4 data (see 3.2.6), these findings indicate
that P. pastoris-produced MBP-fusion proteins can undergo at least two prote-
olytic processing patterns. The first pattern is cleavage in regions C-terminal
to the MBP domain, inferred from MBP-reactive lower MW fragments. In
the rMBP-Can f 6 CEX-purified sample, the ~ 45 kDa fragment detected by
WB with mAb against the MBP tag most likely represents an MBP-containing
proteolysis product (Fig. 3.25 lane 3, upper arrow). The additional ~ 25 kDa
band, seen in WB with Con A, is compatible with a Can f 6-containing frag-
ment (Fig. 3.25 lane 3, lower arrow), although this assignment was based on
apparent molecular mass rather than direct confirmation. These observations
are consistent with previous reports of MBP-fusion protein degradation in
P. pastoris, where MBP-associated proteolytic activity was proposed to affect
linker/spacer and cargo regions located C-terminally to MBP (Z Li et al. 2010;
Moua et al. 2016).
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The glycosylation profiles of AEX- and CEX-purified rMBP-Can f 6 were
comparable, but the CEX-purified sample contained an additional band corre-
sponding approximately to the molecular mass of MBP (Fig. 3.25 lane 3). This
supports fragmentation of the fusion protein and suggests that cleavage may
have occurred in or near the spacer/cargo region. Interestingly, degradation
was more evident in the CEX-purified rMBP-Can f 6 sample, whereas a com-
parable degradation pattern was previously observed for the AEX-purified
rMBP-Pen m 4 sample (see 3.11). Therefore, the observed proteolytic process-
ing is unlikely to be explained solely by the purification method, purification
pH, protein yield, or cargo sequence. It also cannot be attributed to proteinase
A activity alone, because the proteins were produced in the P. pastoris pep4
knockout strain.

The second processing pattern involved the loss of the N-terminal 6xHis-
containing region. Neither rMBP-Can f 6 protein reacted with mAbs against
the 6xHis tag (data not shown), suggesting removal or processing of the N-
terminal region of the 6xHis-MBP-TEV-Can f 6 construct. Similar loss of 6xHis
reactivity was observed for rMBP-Pen m 4 proteins (see 3.2.6). This pattern
differs from the C-terminal tag loss reported by Moua et al. 2016, where MBP-
Cargo-Tag and Cargo-MBP-Tag constructs were cleaved within spacer and
cargo regions downstream of MBP. In the present constructs, the 6xHis tag was
located N-terminally to MBP, a region not previously reported as susceptible
to proteolysis in comparable fusion proteins (Z Li et al. 2010; Moua et al. 2016).

Similar to other higher eukaryotes P. pastoris expresses a diverse set of
proteases, which are generally categorized into three groups: cytosolic pro-
teosome components, vacuolar proteases, and proteases located en route and
in the secretory pathway (Y Zhang, R Liu, et al. 2007). The PichiaPink™
strain 2 is a pep4 knockout, rendering it incapable of synthesizing the aspartic
vacuolar proteinase A. Because proteinase A activates additional vacuolar
proteases, pep4 knockout strains exhibit reduced proteinase B activity and
carboxypeptidase Y activity (Gast et al. 2022).

Dipeptidyl aminopeptidases (DPP) are a class of proteolytic enzymes be-
longing to the S9B serine protease family. DPPs cleave N-terminal dipeptides
from proteins bearing an X-Proline (P)/Alanine (A) motif. In P. pastoris two
DPP enzymes have been identified: Ste13p and Dap2p (Hopkins et al. 2014;
Prabha et al. 2009). In this study, the N-terminal end of the fusion proteins
contains the S. cerevisiae a-mating factor presequence and pro-region, termi-
nating with lysine (K) and arginine (R) amino acids, the recognition sequence
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for the Kex2p protease. The secretory pathway endoprotease Kex2p cleaves
the a-mating factor to release the protein of interest. This process is typically
followed by Ste13p-mediated removal of the EAEA sequence (glutamic acid
and alanine); however, unintended cleavage of additional residues by Ste13p
can hinder proper protein maturation (Prabha et al. 2009). As a result, most
modern expression systems omit the EAEA sequence in advance (Obst et al.
2017). Accordingly, Ste13p should not have affected the 6xHis-tag present
in the current constructs. Dap2p likewise prefers a proline or alanine in the
penultimate position, further supporting the expectation that the tag would
remain intact (Hopkins et al. 2014).

Thus, the canonical a-mating factor processing pathway does not readily
explain the loss of the 6xHis tag in these constructs. Because no published stud-
ies using identical or sufficiently similar constructs were identified, the precise
mechanism remains unresolved. However, the absence of 6xHis reactivity in
multiple P. pastoris-produced MBP-fusion proteins, together with the retained
MBP signal and analogous results from rMBP-Pen m 4, supports proteolytic
processing of the N-terminal 6xHis-containing region rather than simple anti-
body inaccessibility. It is therefore plausible that an endogenous P. pastoris

protease cleaved the N-terminal region of these MBP-fusion proteins.

3.3.7 Immunoreactivity of rCan f 6 and rMBP-Can f 6

Three groups of patient plasma were used to test recombinant Can f 6 pro-
teins (Table 3.7): (i) nineteen individual human plasma samples tested positive
for Can f 6 sIgE; (ii) Pool-positive, pool composed of seven human plasma
samples that tested positive for C. familiaris allergen extract but negative
for Can f 6 sIgE; (iii) Pool-negative, pool composed of seven human plasma
samples that tested negative for IgE.
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Table 3.7: Characteristics of human plasma and serum samples used in the
assays.

No. of C. familiaris Canfé6 Other
Serum pool
samples sIgE sIgE allergens
i 19 Positivel? Positive!? Positive!? Individual samples
ii. 7 Positive:? Negativel? Positive':? Positive-pool
iii. 7 Negative! Negative! Negative! Negative-pool

' IgE ALEX*® Allergy test — sIgE > 0.30 kU/L = positive; < 0.30 kU/L = negative.
2 ImmunoCAP™ or Phadia UniCap™ assays — sIgE > 0.35 kU/L = positive; < 0.35 kU/L =
negative.

First, the immunoreactivity of rMBP-Can f 6, produced in P. pastoris, was
evaluated. Indirect ELISA (see 2.2.30, 2.2.32) results (Fig. 3.26) showed that
rMBP-Can f 6 purified by CEX elicited a significantly stronger sIgE response
than the one purified via AEX. A paired student t-test with 19 observations
(each observation measured in triplicate) confirmed the statistical significance
with p = 1.92 x 107!, This result may indicate that lipocalin allergen Can f 6
undergoes pH-dependent structural changes under low pH.

rMBP-Can f 6 (P. pastoris) CEX
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Figure 3.26: Immunoreactivity analysis of P. pastoris-produced rMBP-Can f 6
proteins in an indirect ELISA platform. CEX - represents rMBP-Can f 6 purified
through cation exchange chromatography, and AEX - represents rMBP-Can {6
purified through anion exchange chromatography. [1-19] correspond to indi-
vidual plasma from C. familiaris-sensitized patients positive for Can f 6; PP —
positive-pool (C. familiaris sIgE-positive, but Can f 6 sIgE-negative, n = 7); PN
- negative-pool (n = 7).

pH-dependent conformational rearrangements have been reported in stud-
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ies involving other lipocalins, such as nitrophorin (Roberts et al. 2001), tear
lipocalin (Gasymov et al. 2010), plasma retinol binding protein (Newcomer and
Ong 2000; Calderone et al. 2003), membrane enzyme PagP (Hwang et al. 2002),
and bovine -lactoglobulin (Fogolari et al. 2005). Despite weak overall amino
acid identity - often below the 20% threshold required for reliable alignment -
lipocalins share several short conserved sequence motifs. They also exhibit a
common tertiary structure composed of eight anti-parallel 5-strands forming
a [3-barrel structure with one a-helix (Yamamoto et al. 2019; Flower et al. 2000).
This hydrogen-bonded S-barrel forms a hydrophobic cavity that binds small
hydrophobic molecules such as retinol, steroids, odorants, and pheromones
(Hilger et al. 2012). In the case of bovine §-lactoglobulin, ligand binding is
controlled through the reversible loop movements at the end of the 3-barrel
structure. These loops act as a lid, closing the cavity and regulating access
for small hydrophobic molecules. This mechanism is speculated to apply to
all lipocalin proteins as a general feature of their ligand-binding behavior
(Gasymov et al. 2010; Fogolari et al. 2005).

Such conformational changes would also result in the exposure of different
epitopes, potentially explaining the observed differences in sIgE binding be-
tween rMBP-Can f 6, purified under different pH conditions. Alternatively, the
increased immunoreactivity may stem from partial degradation of the cation-
purified rMBP-Can f 6, exposing linear epitopes (Y] Wang et al. 2017). Another
possibility is that the positive net charge required for CEX alters the protein’s
conformation or stability differently than the negative charge conditions used
in AEX. Given that ion exchange chromatography is the gold standard for
characterizing therapeutic proteins’ charge variants, the separation process
could inadvertently favor protein isoforms with exposed or intact IgE-binding
epitopes (Fekete et al. 2015).

Absorbance measurements (Fig. 3.27) confirmed that all recombinant
Can f 6 variants specifically bind to Can £ 6 sIgE in human plasma samples
without evidence of non-specific interactions. One-way repeated measures
ANOVA was performed to determine whether recombinant Can f 6 proteins
exhibit significant differences in IgE reactivity across patient sera. Positive
and negative control proteins were included in the indirect ELISA to ensure
specificity and validate the experimental setup. However, as in Pen m 4
analysis, control proteins were excluded from the statistical comparison of
recombinant proteins to prevent artificial inflation of variability. The ANOVA
revealed significant differences among proteins F'(4, 72) = 29.8, p < 0.001,
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indicating variability in reactivity. No significant variability was observed
between replicates, confirming the consistency of the triplicate measurements.
Glycosylation-related variability was assessed using a CCD control to evaluate
whether anti-CCD IgE affected the observed sIgE binding to Can f 6 variants.
As shown in Fig. 3.27, no significant CCD-related differences were found.
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Figure 3.27: IgE reactivity of patient plasma with recombinant Can f 6 proteins
and the C. familiaris allergen extract in an indirect ELISA platform. CEX
— represents rMBP-Can f 6 purified through cation exchange chromatogra-
phy, and AEX - represents rMBP-Can f 6 purified through anion exchange
chromatography. CCD is the glycosylation IgE marker. [1-19] correspond to
individual plasma from C. familiaris-sensitized patients positive for Can £ 6;
PP - positive-pool (C. familiaris sIgE-positive, but Can f 6 sIgE-negative, n =
7); PN — negative-pool (n = 7). A dashed line represents the cut off.

Post hoc comparisons were conducted using Tukey’s HSD test to identify
specific protein pairs with significant differences in reactivity. This analysis
was done on non-averaged triplicate data, which allowed only substantial dif-
ferences to reach statistical significance. This approach represented a compro-
mise between Bonferroni-adjusted paired analyses, which detected significant
differences across all pairs, and Tukey’s HSD applied to averaged, unpaired
data, which yielded no significance due to conservative post-ANOVA assump-
tions. Although applying Tukey’s HSD to raw data inflated statistical power,

it effectively minimized noise and detected only pronounced differences. The
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analysis showed that rMBP-Can f 6 purified through anion exchange chro-
matography exhibited significantly different reactivity than E. coli-produced
proteins (Fig. 3.28, Table 3.8). No statistically significant differences were ob-
served between the remaining pairs, suggesting comparable reactivity levels

across those groups.
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Figure 3.28: IgE reactivity of patient plasma with recombinant Can f 6 proteins
visualized in a boxplot. Lanes: P. pastoris-produced rMBP-Can f 6 purified
through [1] CEX and [2] AEX; [3], P. pastoris-produced rCan f 6; [4], E. coli-
produced rMBP-Can f 6; [5] E. coli-produced rCan £ 6; [6] C. familiaris allergen
extract. The data represents normalized IgE reactivity across 19 individual
plasma from C. familiaris-sensitized patients positive for Can f 6. Reactivity
is represented as normalized OD values, and significant differences between
proteins are annotated with asterisks (xx = p < 0.01, *x% =p < 0.001).

The aim of this research was to examine the production of the glycoprotein
Can f 6 in a eukaryotic expression system, focusing on its ability to specifically
recognize sIgE antibodies, its non-reactivity toward non-specific IgE, and
the feasibility of high-yield production for large-scale applications. The co-
expression of rCan f 6 protein with MBP in both systems led to a heightened
yield, affirming it as the most effective production method for rCan f 6 across
both expression platforms. Specifically, MBP enhanced production by 1.8-fold
in E. coli (42 mg/L vs. 78 mg/L) and 1.6-fold in P. pastoris (36 mg/L vs. 57.5 mg/L
in AEX). However, while MBP substantially increased the molecular mass
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Table 3.8: Pairwise comparisons after repeated measures ANOVA and Tukey’s
HSD post hoc analysis.

A System A B System B meandiff p-adj Reject Ho
rCanf6 E. coli rCanf6 P. pastoris ~ —0.0890 0.9711 False
rCanfé6 E. coli rMBP-Can f 6 E. coli 0.0049 1.0000 False
rCanfé6 E. coli rMBP-Can f 6, AEX P. pastoris  —0.4563 0.0130 True
rCanfé6 E. coli rMBP-Can f 6, CEX P. pastoris  -0.1736 0.7403 False
rCanfé6 P. pastoris rMBP-Can f 6 E. coli 0.0938 0.9649 False
rCanf6 P. pastoris rMBP-Can f 6, AEX P. pastoris  —0.3674 0.0770 False
rCanfé6 P. pastoris rMBP-Can f 6, CEX P. pastoris ~ -0.0847 0.9758 False
rMBP-Can f 6 E. coli rMBP-Can f 6, AEX P. pastoris  —0.4612 0.0117 True
rMBP-Can f 6 E. coli rMBP-Can f 6, CEX P. pastoris  -0.1785 0.7198 False

rMBP-Can f 6, AEX P. pastoris rMBP-Can f 6, CEX P. pastoris 0.2827 0.2762 False

meandiff — The difference in means: mean (A) - mean (B); p-adj — adjusted p-value using the
Tukey HSD correction for multiple comparison, it controls the family-wise error rate to reduce
false positives; Reject Hy - reject the null hypothesis, this indicates whether the null
hypothesis (no difference between the two groups) is rejected after correction. True if p-adj <
0.05 — significant difference between the pair, False if p-adj > 0.05 — no significant difference.

of the recombinant product, the mass yield did not correspond to a higher
calculated molar yield of Can f 6-containing molecules in either expression
system (Table 3.9).

Table 3.9: Comparison of mass and molar yields of non-fused and MBP-fused
recombinant proteins.

MW Yield Mass Molar yield*  Molar

System Protein (kDa) (mg/L) ratio*” (pmol/L) ratio™”
E. coli rCanfé6 23.7 42 1.77

E. coli rMBP-Can f 6 64.4 78 1.86 1.21 0.68
P. pastoris rCanfé6 21 36 159 1.71 051
P. pastoris rMBP-Can f 6 65 57.5 ’ 0.88 )

" Molar yield was calculated as yield (mg/L) divided by calculated MW (kDa).
" Ratios indicate the effect of MBP fusion within each expression system.

Importantly, the immunological assays were performed using equal protein
mass for coating; therefore, MBP-fusion proteins contained fewer Can f 6-
containing molecules than their non-fused counterparts. Nevertheless, no
statistically significant differences in IgE reactivity were observed among the
recombinant Can f 6 variants. Thus, MBP fusion preserved Can f 6 antigenic
performance under mass-normalized assay conditions.

Comparative analysis of recombinant Can f 6 variants demonstrated that
all prokaryotic and eukaryotic proteins specifically bound Can f 6 sIgE and
showed no non-specific binding, confirming that the recombinant proteins
retain essential IgE-binding epitopes and supporting their use in immuno-
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logical research and potential diagnostic applications. Glycosylation did not
significantly influence IgE reactivity, suggesting that a eukaryotic expression
system is not required to produce immunoreactive Can f 6 proteins. How-
ever, as basophil degranulation assays were not conducted, further studies
are needed to assess the functional allergenic activity of these recombinant
proteins.

Taken together, E. coli and P. pastoris were both suitable for producing
immunoreactive rCan f 6. MBP fusion increased recovered protein mass
and preserved IgE reactivity despite reducing the calculated molar yield of
Can f 6-containing molecules. Considering mass yield, immunoreactivity, and
production simplicity, E. coli-produced rMBP-Can f 6 is a strong candidate
for larger-scale production, among the P. pastoris-produced variants, AEX
purification provided substantially higher recovery, whereas CEX-purified
rMBP-Can f 6 showed stronger IgE reactivity but also greater fragmentation.
Therefore, the optimal P. pastoris purification strategy depends on the intended

application.

3.4. Streamlining PichiaPink™ recombinant allergen pro-
duction

3.4.1 Construction of optimized vectors for allergen expression
and purification

Following our observation of N-terminal proteolytic cleavage in 6xHis-
MBP-allergen constructs, we developed two standardized pPink-HC deriva-
tives (see 2.2) to both streamline the cloning workflow and systematically
investigate this processing phenomenon across additional allergen families.

The pPink-aF-6xHis vector incorporates a C-terminal 6xHis tag directly
into the pPink-aF-HC backbone through the insertion of a synthetic oligonu-
cleotide cassette (generated from pPink_oligo_FR and pPink_oligo_RV oligos,
see 2.1, 2.2.2) between the Smal and Kpnl restriction sites (see 2.2.1, 2.2.5). This
design enables direct cloning of allergen sequences while ensuring consistent
C-terminal tagging across all constructs.

The pPink-aF-6xHis-MBP-TEV vector features an N-terminal 6xHis-MBP-
TEV cassette, amplified from pFX7-MBP-TEV-6xHis vector using MBP-Pink-Fr
and MBP-Pink-Rv primers (see 2.1), which introduced the RE sites of Stul
and Kpnl into the fragment. The PCR-generated cassette was inserted at the
Stul and Kpnl junction (see 2.2.6, 2.2.1, 2.2.5). This construct was designed to
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determine whether the observed N-terminal processing represents a general
system limitation or an allergen-specific phenomenon. These ready-to-use
vectors reduce cloning steps while maintaining the flexibility to test whether
fusion to MBP increases recombinant allergen yield without affecting its

antigenicity.

3.4.2 Validation of the expression platform using yellow jacket
venom allergen Ves v 5

To validate our streamlined PichiaPink™ vectors and investigate whether
N-terminal proteolytic processing affects allergens beyond our initial test
set, Ves v 5 (antigen 5) from Vespula vulgaris yellow jacket venom was se-
lected. This allergen represents an ideal test tool for several reasons: it is the
dominant venom component and primary diagnostic target for Hymenoptera
allergy; its complex disulfide-bonded structure necessitates eukaryotic ex-
pression for proper folding; and previous E. coli expression attempts yielded
mainly insoluble aggregates requiring in vitro refolding, whereas expression
in eukaryotic systems obtained properly folded variants resembling the na-
tive protein (Borodina et al. 2010; Kischnick et al. 2006; Schiener et al. 2017).
Ves v 5 production was explored in P. pastoris successfully (Monsalve et al.
1999); however, its production combined with MBP has yet to be investigated.
The structural requirements of Ves v 5, combined with its clinical importance
in molecular diagnostics and allergen immunotherapy, make it particularly
suitable for assessing both the expression efficiency of our vectors and the
extent of N-terminal processing in the PichiaPink™ system.

To benchmark against the eukaryotic system, rVes v 5 variants were also
produced in E. coli, despite literature indicating limited suitability. Cloning fol-
lowed the rPen m 4 workflow (see 3.2.2), while using the pMA-RQ/Ves v 5 tem-
plate and pET28F_V5 and pET28R_V5 primers to amplify the codon-optimized
612 bp Ves v 5 coding sequence (see 2.1.3, 2.1). Inserts were cloned into the
pET28a(+) and pET28a(+)-MBP-TEV vectors. Expression in BL21(DE3) yielded
soluble protein only as an MBP fusion; non-fused rVes v 5 accumulated in
inclusion bodies. Switching to the Rosetta strain to improve protein expression
had no positive effect on solubility or yield. Purification was performed with
Ni-NTA (see 2.2.18) or ZYMO Reasearch columns (see 2.2.19) under denaturing
conditions for rVes v 5 and under native conditions for rMBP-Ves v 5. Following
purification, dialysis was performed to refold the denatured rVes v 5, and the

following fractions were concentrated with protein concentrators (see 2.2.20).

142



Recombinant protein presence was confirmed by WB using mAb against the
6xHis and MBP tags (Fig. 3.31 lanes 3 and 4). In this study, E. coli-produced
rVes v 5 yielded 14 mg/L and fusion with MBP increased that yield 3.9-fold
to 55 mg/L. However, as observed from Fig. 3.31, rVes v 5 (lane 4), despite
optimizations, purification yields two lines, which both interact with mAb
against the 6xHis tag. MS analysis showed that the main mass is 121.3 Da
smaller than the calculated theoretical mass of rVes v 5 (~26.9 kDa), and the
other protein mass, which is seen in the SDS-PAGE gel, was shown in MS to
be approximately 20.3 kDa. It is worth also noting, that while rMBP-Ves v 5
soluble expression was achieved, the instability of the synthesized protein
could not be improved by optimization of growth or purification conditions.

Continuing with the PichiaPink™ system assessment, the 204-aa long
Ves v 5 protein coding sequence was excised from the pMA-RQ/Ves v 5 plasmid
with Stul and KpnlI RE and cloned into the Smal and Kpnl sites of pPink-aF-
6xHis and pPink-aF-6xHis-MBP-TEV vectors following standard protocols (see
2.2.4,2.2.1, 2.2.5). This cloning strategy yielded two constructs with only MBP
distinguishing the two tagging configurations: the pPink-aF-6xHis-Ves v 5
construct carries an N-terminal 6xHis tag, while the pPink-aF-6xHis-MBP-
TEV-Ves v 5 construct features an N-terminal 6xHis-MBP-TEV fusion sequence.
Constructs were verified by sequencing at the VU LSC IBT sequencing center,
and analyzed using "SnapGene Viewer" software (see 2.4).

Following transformation into four PichiaPink™ ade2 strains, pilot exper-
iments identified Strain 2 as the optimal producer for both constructs after
48 h methanol induction. SDS-PAGE analysis revealed successful expression
of both the 24.3 kDa rVes v 5 and 67.8 kDa rMBP-Ves v 5 proteins, with double
banding patterns indicating post-translational glycosylation characteristic of

P. pastoris expression (Fig. 3.29).
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Figure 3.29: Analysis of media collected after heterologous protein induction
in PichiaPink™ yeast strains transformed with (a) pPink-aF-Ves v 5 and (b)
pPink-aF-MBP-TEV-Ves v 5 expression vectors in 14% SDS-PAGE gels. Lanes:
[1], media before induction with MeOH; [2], media after 24 h induction with
2% MeOH; [3] media after 48 h induction with 2% MeOH. The names of the
strains are written above the corresponding lane numbers. M — PageRuler™
Unstained Protein Ladder #26614.

Large-scale expression culture media were collected, dialyzed, and purified
using complementary strategies based on tag accessibility: the 6xHis-tagged
rVes v 5 was purified via affinity FPLC using a Ni-NTA Superflow column (see
2.2.23), while the 6xHis-MBP fusion protein required ion exchange chromatog-
raphy, CEX (see 2.2.22), because purification through the N-terminal 6xHis tag
was not effective. Purified protein yields, determined by Bradford assay and
densitometric analysis using Image]J 1.50b software (see 2.2.24), demonstrated
a noteworthy difference: 36 mg/L for rVes v 5 vs. 134.5 mg/L for rMBP-Ves v 5,
representing a 3.7-fold enhancement with MBP fusion (Fig. 3.30). To our knowl-
edge, this 134.5 mg/L yield represents the highest reported production level
for recombinant Ves v 5 across all expression systems, substantially exceeding
previous yields from E. coli (requiring refolding), baculovirus-insect cells, and
other yeast platforms (Suck et al. 2000; Monsalve et al. 1999; Henriksen et al.
2001).
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Figure 3.30: Analysis of P. pastoris purification of rVes v 5 (a) and rMBP-Ves v 5
(b) in 14% SDS-PAGE gels. Lanes: [1], media sample after dialysis; [2-3], wash
fractions; [4-9], elution fractions. M — PageRuler™ Unstained Protein Ladder
#26614.

To investigate the apparent loss of histidine tag detection, WB was per-
formed using antibodies against 6xHis and MBP tags (Fig. 3.31). WB showed
that neither rMBP-Ves v 5 (Fig. 3.31 lane 1) nor rMBP-Pen m 4 (Fig. 3.31
lane 5) was detectable with anti-6xHis antibodies. In contrast, downstream
fusion partners remained detectable with the corresponding antibodies. These
results support that N-terminal processing is a recurrent feature of 6xHis-MBP-
allergen fusion constructs expressed in the PichiaPink™ system, independent
of the allergen family.

Glycosylation analysis with Con A (not shown) confirmed that both P. pas-
toris-produced Ves v 5 variants are glycosylated. MS analysis of the degly-
cosylated proteins (not shown) revealed MW deviating from the theoretical
values, similar to the rMBP-Pen m 4 MS analysis (see 3.2.6). The observed
mass of rVes v 5 was 7 Da higher than expected, whereas the observed mass
of rMBP-Ves v 5 was approximately 2 kDa lower than expected. Part of this
discrepancy may be related to incomplete deglycosylation and disulfide bond
formation. However, the reduced mass of rMBP-Ves v 5, together with the
loss of anti-6xHis reactivity, supports proteolytic removal of the N-terminal
6xHis-containing region.

Both 6xHis-containing Ves v 5 constructs begin with a Pro-Met-Gly-Ser-
Ser sequence linked to the 6xHis tag, followed by a Ser-Ser-Gly linker leading
to the thrombin recognition site. Based on monoisotopic calculations, this
region accounts for approximately 1281 Da with the 6xHis tag alone, 1512 Da
when extended to the thrombin site, and 2121 Da when the complete thrombin-
region segment is included. Therefore, the observed mass shift is consistent

with cleavage occurring in or near the 6xHis-linker-thrombin region.
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Figure 3.31: Analysis of rVes v 5 variants by SDS-PAGE and WB (annotated
by the used mAb designation). Lanes: [1], P. pastoris-produced rMBP-Ves v 5;
[2], P. pastoris-produced rVes v 5; [3], E. coli-produced rMBP-Ves v 5; [4],
E. coli-produced rVes v 5; [5], P. pastoris-produced rMBP-Pen m 4; [6], E. coli-
produced rMBP-Pen m 4; [7], E. coli-produced MBP with a 6xHis tag; [8]
E. coli-produced rPen m 4. M - PageRuler™ Plus Prestained Protein Ladder
#26619. Proteins were separated in 14% SDS-PAGE gels.

These findings can be contextualized within the broader literature on
N-terminal tag processing in P. pastoris systems. The N-terminally tagged
oF-6xHis-protein constructs in other P. pastoris strains, including PichiaPink™,
have generally been reported as successful (Smith et al. 2023; Chronopoulou et
al. 2023). However, N-terminal proteolytic cleavage has also been reported for
N-terminally-tagged fusion constructs, such as aF-6xHis-GFP-protein, where
WB showed loss of the His-tag signal but retention of GFP with intact proteins
detected in some cases but not others (Zheng et al. 2022). Although Zheng et al.
2022 attributed this discrepancy to limited antibody accessibility in folded
proteins, the denaturing WB conditions (SDS, reducing agents, heating to
100 °C) should eliminate such structural constraints.

This variability suggests that the design of the fusion tag and the struc-
tural context of the expressed protein influence susceptibility to proteolysis,
rather than a uniform defect in the expression system. To our knowledge, such
N-terminal proteolysis within MBP-fusion constructs expressed in P. pastoris
has not been previously described. This finding highlights a potential vulnera-
bility that should be considered in future fusion protein design. Future work
should investigate whether the thrombin recognition motif or adjacent linker
sequence contributes to the observed N-terminal processing and whether
sequence modifications can preserve the integrity of the 6xHis tag.

To assess functional integrity, immunoreactivity of Ves v 5 variants was
evaluated with three groups of patient plasma (Table 3.10): (i) fourteen individ-
ual human plasma samples tested positive for Ves v 5 sIgE; (ii) Pool-positive,
pool composed of five human plasma samples that tested positive for Pen m 4
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sIgE but negative for Ves v 5 sIgE; (iii) Pool-negative, pool composed of five

human plasma samples that tested negative for IgE.

Table 3.10: Characteristics of human plasma and serum samples used in the

assays.
No. of Penm 4 Vesv5 Other
Serum pool
samples sIgE sIgE allergens
i 14 Negativel? Positivel:2 Positivel:? Individual samples
ii. 5 Positive': Negative!? Positive!:? Positive control pool
iii. 5 Negative! Negative! Negative! Negative-pool

' IgE ALEX*® Allergy test — sIgE > 0.30 kU/L = positive; < 0.30 kU/L = negative.
2 ImmunoCAP™ or Phadia UniCap™ assays — sIgE > 0.35 kU/L = positive; < 0.35kU/L =

negative.

Indirect ELISA analysis revealed clear differences in binding specificity
between tested expression systems (Fig. 3.32). P. pastoris-produced Ves v 5
variants showed specific binding to sIgE with no detectable cross-reactivity
to control pools, confirming preservation of native-like structure. In contrast,
E. coli-produced variants — both the purified denatured form and the refolded
protein — exhibited non-specific binding to control pools. Statistical analysis
confirmed these observations. One-way repeated measures ANOVA revealed
significant differences among protein variants F'(4, 52) = 11.17, p < 0.001,
while technical replicates showed no differences F'(2, 375) = 0.011, p <
0.988, indicating that all measurements are consistent.

Individual serum analysis highlighted the diagnostic risks of using mis-
folded allergens. For instance, serum 10 (0.37 kU/L by ALEX) reacted with
E. coli-produced variants but fell below the ELISA cut off for properly folded
P. pastoris-produced variants, likely reflecting non-specific binding already
observed with control pools rather than genuine allergen recognition. Simi-
larly, serum 14 (1.37 kU/L by ALEX) reacted exclusively with denatured E. coli
rVes v 5, suggesting non-specific interaction rather than IgE-mediated binding.
Importantly, this differential reactivity cannot be attributed simply to low sIgE
levels, as sera with comparable ALEX values — such as sera 13 and 7 (1.36
and 0.58 kU/L, respectively) — displayed markedly different binding profiles,
confirming that the observed patterns reflect expression system-dependent
effects rather than antibody concentration levels.
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Figure 3.32: IgE reactivity of patient plasma with recombinant Ves v 5 pro-
teins in an indirect ELISA platform. [1-14] correspond to individual plasma
from V. vulgaris-sensitized patients positive for Ves v 5; PP — positive-pool
(V. vulgaris and Ves v 5 sIgE-positive, n = 5); PN — negative-pool (n = 5). MBP
acts as a negative control. A dashed line represents the cut off.

The lack of reactivity with P. pastoris variants in some confirmed sIgE-
positive sera may also reflect serum degradation from shipping conditions or
freeze-thaw cycles, emphasizing the importance of proper sample handling in
diagnostic validation studies. These findings underscore how misfolded re-
combinant allergens can generate false-positive results, while properly folded
variants provide more reliable diagnostic specificity.

Post hoc pairwise comparisons were conducted using the Bonferroni cor-
rection (Fig. 3.33). While E. coli-produced rVes v 5 variants showed significantly
higher reactivity than E. coli-produced rMBP-Ves v 5, this apparent binding
must be interpreted cautiously given the demonstrated non-specific interac-
tions with control sera. In contrast, P. pastoris-produced rMBP-Ves v 5 and
rVes v 5 proteins demonstrated the highest binding sensitivity. rMBP-Ves v 5
antigenicity was also confirmed by an inhibition assay conducted by Laimis
Silimavi¢ius. This assay showed that just 0.05 mg of P. pastoris-produced
rMBP-Ves v 5 achieved 92% inhibition of Ves v 5 sIgE binding.
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Figure 3.33: IgE reactivity of patient plasma with recombinant Ves v 5 proteins
visualized in a boxplot. Lane: [1], P. pastoris-produced rMBP-Ves v 5; [2],
P. pastoris-produced rVes v 5 protein; [3], E. coli-produced rMBP-Ves v 5;
[4], E. coli-produced rVes v 5, denatured form; [4], E. coli-produced rVes v 5,
renatured form;[6], MBP. The data represents normalized IgE reactivity across
14 individual plasma from V. vulgaris-sensitized patients positive for Ves v 5.
Reactivity is represented as normalized OD values, and significant differences
between proteins are annotated with asterisks (x = p < 0.05).

Analyzing further, in contrast to Pen m 4 and Can f 6, MBP fusion in-
creased both recovered protein mass and the calculated molar yield of Ves
v 5-containing molecules (Table 3.11). Thus, for Ves v 5, the improved yield
was not only a mass-based effect of the larger fusion protein but also reflected

increased recovery of allergen-containing molecules.

Table 3.11: Comparison of mass and molar yields of non-fused and MBP-fused
recombinant proteins.

MW Yield Mass Molar yield*  Molar

System Protein

Y (kDa) (mg/L) ratio™” (pmol/L) ratio™”
E. coli rVes v 5 26.9 14 39 0.52 156
E. coli rMBP-Ves v 5 67.7 55 ' 0.81 ’
P. pastoris rVes v 5 243 36 37 1.48 133
P. pastoris rMBP-Ves v 5 67.8 134.5 ’ 1.98 :

" Molar yield was calculated as yield (mg/L) divided by calculated MW (kDa).
" Ratios indicate the effect of MBP fusion within each expression system.
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Taken together with the stronger IgE reactivity of P. pastoris-produced
variants, these results support P. pastoris-produced rMBP-Ves v 5 as the most
suitable construct for high-yield recombinant Ves v 5 production for diagnostic
applications.

Interestingly, workflow testing with different V. vulgaris allergens, such
as the phospholipase A1 allergen Ves v 1, the hyaluronidase allergen Ves v 2,
and the dipeptidyl peptidase IV-like serine protease allergen Ves v 3, was not
successful with or without MBP despite extensive optimization. Implying that
this workflow is more suitable for small, and minimally glycosylated proteins;
and is not suitable for more catalytically active, heavily glycosylated enzymes
that could cause the ER stress, misfolding, or host toxicity. These findings
highlight the strong dependence of recombinant allergen yield in P. pastoris
on the intrinsic compatibility between protein structure, post-translational

requirements, and the yeast secretory machinery.
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SUMMARY

In this study, recombinant forms of three clinically important allergens
were produced and characterized: the black tiger shrimp P. monodon allergen
Pen m 4, the dog C. familiaris allergen Can f 6, and the yellow jacket V. vulgaris
allergen Ves v 5. For Pen m 4 and Can f 6, comparison between E. coli and
P. pastoris demonstrated that both platforms could produce properly folded
allergens with retained IgE-binding activity, although purification strategy
could markedly influence it. N-glycosylation was confirmed as non-essential
for IgE recognition. For Ves v 5, P. pastoris variants displayed native-like
antigenicity, whereas E. coli-produced proteins exhibited non-specific binding.
Expression strategies included the first application of MBP fusion in P. pastoris
for recombinant allergen production.

Several novel findings also emerged. First, MBP fusion proteins in P. pas-
toris were unexpectedly susceptible to proteolysis, with two patterns observed:
cleavage downstream of the MBP domain, marked by lower MW fragments
reactive with anti-MBP antibodies, and proteolysis of the N-terminal 6xHis-
containing region, inferred from anti-6xHis WB and MS analyses. The first
pattern supports previous reports of MBP-associated proteolytic activity af-
fecting linker/spacer and cargo regions (Z Li et al. 2010; Moua et al. 2016),
whereas the second appears to represent a novel vulnerability in multiple
P. pastoris-produced MBP-allergen fusion proteins. Together, these findings
highlight additional constraints for MBP-fusion protein design in P. pastoris.

Second, P. pastoris-produced Pen m 4 formed stable glycosylation-modulated
dimers resistant to standard denaturing conditions, while EDTA anticoagu-
lant reduced Pen m 4 sIgE binding through calcium chelation, revealing an
overlooked preanalytical variable. Finally, both E. coli-produced Pen m 4 and
Can f 6 degraded during lyophilization, explaining the instability of these
allergens in commercial extracts.

Together, these findings establish evidence-based protocols for recombi-
nant allergen production and highlight critical variables, including fusion
partner stability and sample handling, that influence diagnostic reliability.
This work confirms Pen m 4, Can f 6, and Ves v 5 as clinically important
allergens suitable for component-resolved diagnostics, and validates P. pastoris

as a viable production system.
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CONCLUSIONS

1. P. pastoris and E. coli expression systems can produce functionally equiv-
alent recombinant Pen m 4 and Can f 6 allergens, that retain proper
folding structure required for IgE recognition. For Ves v 5, only produc-
tion in P. pastoris retained native-like antigenicity.

2. Comparative analysis demonstrated that N-glycosylation is not essential
for IgE recognition of Pen m 4 and Can f 6 allergens but posttranslational

modifications are essential for allergen Ves v 5.

3. Fusion to the maltose-binding protein (MBP) enhanced protein yield in
both expression systems without compromising IgE-binding functional-

ity, validating MBP as a useful tool for recombinant allergen production.

4. Cleavage downstream of the MBP domain observed in P. pastoris-produced
MBP fusion proteins supports previous reports of MBP-associated pro-

teolytic activity affecting regions C-terminal to the MBP domain.

5. Novel proteolytic processing patterns of MBP fusion proteins in P. pas-
toris, including loss of the N-terminal 6xHis-containing region, were
identified and highlight new constraints for fusion protein design in

yeast expression systems.

6. P. pastoris-produced Pen m 4 formed unusually stable dimers resistant to
denaturing conditions, revealing a glycosylation-modulated structural
feature with potential diagnostic applications.

7. EDTA anticoagulant reduced IgE recognition of Pen m 4 by 61-73%
through calcium chelation, underscoring the need for standardized sam-

ple handling.

8. E. coli-produced Pen m 4 and Can f 6 were found to degrade during
lyophilization, providing a molecular explanation for their instability
in commercial extracts and emphasizing the importance of optimized

storage strategies.
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SANTRAUKA

SANTRUMPOS

6xHis Sesiy histidiny inkariné seka

ade2 Genas, koduojantis fosforibozil-aminoimidazolo karboksilaze;
trakstant aplinkoje adenino yra kaupiamas raudonas pigmen-
tas

AEX Anijony mainy chromatografija (angl. anion exchange chro-
matography)

Ag Antigenas

AIT Alergenams specifiné imunoterapija

ANOVA Vienfaktoriné blokuoty duomeny dispersiné analizé (angl. anal-
ysis of variance)

BGMY Mieliy augimo buferiné terpé, praturtinta gliceroliu (angl. buffered
glycerol-complex medium)

BMMY Mieliy augimo buferiné terpé, praturtinta metanoliu (angl.
buffered methanol-complex medium)

CCD Kryzmiskai reaguojancios angliavandeniy determinantés (angl.
cross-reactive carbohydrate determinants)

CEX Katijony mainy chromatografija (angl. cation exchange chro-
matography)

EDTA Etilendiamintetraacto ragstis (angl. ethylenediaminetetraacetic
acid)

HRP Krieny peroksidazé (angl. horse radish peroxidase)

IFA Imunofermentiné analizé

IgE Imunoglobulinas E

IPTG Izopropil-3-D-tiogalaktopiranozidas

JSA Jaucio serumo albuminas

K Kamienas

Kon A Konkanavalinas A

KT Kambario temperatara

LB Luria-Bertani mitybiné terpé

LMM Linijinis misriy efekty modelis

mAk Monokloniniai antikanai

MBP Maltoze suriSantis baltymas (angl. maltose-binding protein)

MFI Vidutinis fluorescencijos intensyvumas (angl. mean fluores-

cence intensity)
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MW
Ni-NTA

NDS-PAA
OoT
PAD

PAD-Ag
PBS
pep4
PGR
prb1
PTM
PVDF
sIgE

SD

SKB
SNR
SPT

Th

VU GMC BTI

YPDS

Molekuliné masé (angl. molecular weight)

Nikelio nitrilo-triacetiné ragstis (angl. nickel-nitrilotriacetic
acid)

Natrio dodecilsulfato poliakrilamidinis gelis

Optinis tankis

P. pastoris mieliy augimo terpé, kurioje triksta adenino (angl.
pichia adenine dropout)

Agarizuota PAD terpe

Fosfatinis buferinis tirpalas (angl. phosphate buffered saline)
Genas, koduojantis vakuoline aspartil proteaze (proteinazé A)
Polimerazés grandininé reakcija

Genas, koduojantis vakuoline serino proteaze (proteinazé B)
Potransliacinés modifikacijos

Polivinildifluoridas

Zmoniy kraujo serume esantys alergenui specifiniai IgE
Standartinis nuokrypis (angl. standard deviation)
Sarkoplazminis kalcj suri$antis baltymas

Signalo ir triuk8mo santykis (angl. signal-to-noise ratio)
Odos durio testas (angl. skin prick test)

T pagalbinés lastelés

Vilniaus universiteto Gyvybés moksly centro Biotechnologijos
institutas

Mieliy augimo terpé su mieliy ekstraktu, peptonu, dekstroze
ir sorbitoliu (angl. yeast extract peptone dextrose - sorbitol)
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IVADAS

Tarptautine ligy klasifikacija nurodo, kad alergija yra ketvirta dazniausiai
pasitaikanti létiné liga pasaulyje. Tai grindZiama per pastaruosius deSimt-
mecius stebimu nuosekliu alerginiy ligy skai¢iaus augimu (Shin et al. 2023;
Tanno, Chalmers, et al. 2020). Sis augimas siejamas su sparéia urbanizacija,
industrializacija ir gyvenimo bado pokyc¢iais. Dél padidéjusio oro uZterstumo,
pakitusiy mitybos jprociy ir mazéjancios mikrobiologinés jvairoves, keiciasi or-
ganizmo atsakas j alergenus (Shin et al. 2023; Q Zhang et al. 2025; Kirjavainen
et al. 2019).

Alergineé reakcija, tarpininkaujant IgE antikanams, yra greita ir stipri
imuninés sistemos reakcija j alergena, biidinga 2 tipo imuniniam atsakui. Siame
procese dalyvauja alergenui specifiniai IgE (sIgE) antiktnai ir T pagalbineés
lastelés (Ty2), atpazjstancios i§ alergeno kilusius antigenus (Ag). Alerginés
reakcijos metu i$siskiriancios biologiskai aktyvios medziagos, sukelia jvairius
simptomus: nuo rinito ir dilgélinés iki anafilaksinio soko (Renz et al. 2018;
Anvari et al. 2019).

Molekuliniu lygmeniu tik nedidelé dalis proteomos yra priskiriama aler-
genams. Alerginis potencialas néra nulemtas vienos baltymy savybés. Jj
lemia tarpusavyje saveikaujantys veiksniai: baltymy gausa, struktairinis sta-
bilumas, biocheminés modifikacijos ir patekimo j organizmg kelias (Costa
et al. 2022). Net ir giminingy baltymy Seimose stebimas didelis kintamu-
mas, rodantis, kad papildomi veiksniai — tokie kaip trimaté struktira, epitopy
prieinamumas ir Seimininko specifiniai imuniniai atsakai, gali turéti jtakos
isijautrinimui (Lukacs and Hogan 2025). IgE prisijungima gali paveikti po-
transliacinés modifikacijos (PTM), ypa¢ glikozilinimas, taip pat maisto apdoro-
jimo metu (pvz.: kaitinimo, pasterizacijos) susidaran¢ios modifikacijos (Zeng
et al. 2025). Alergija sukelianciy veiksniy ar savybiy apibréZimas islieka vienu

Istoriskai alerginiy ligy diagnozavimui ir gydymui buvo naudojami i$
nataraliy Saltiniy i$skirti alergeny ekstraktai. Taciau jy sudéties kintamumas,
nestabilumas, standartizacijos trikumas bei uzter§tumas nealerginiais kom-
ponentais riboja jy patikimuma, pritaikyma ir saugumg (Zimmer et al. 2021).
Kaip alternatyva alergeny ekstraktams, rekombinantiniy alergeny naudojimas
alergologijos srityje leidzia taikyti nuoseklesnius ir tikslesnius alergijos diag-
nostikos metodus. Individualiy alergeny naudojimas diagnostikoje padeda
nustatyti specifinius alergenus, sukelianéius alergines reakcijas. Sis in vitro
metodas, vadinamas komponenty atskyrimo diagnostika, leidZia atskirti tikra
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isijautrinimg nuo kryZzminio reaktyvumo, tiksliau jvertinti rizika ir sudaryti
individualizuotas gydymo strategijas (Sanchez-Borges et al. 2018).

Nors alergijy diagnostikoje ir gydyme pasiekta reiksminga pazanga, islieka
mus slopinanciais vaistais arba taikant alergenams specifine imunoterapija
(AIT). AIT yra terapinés vakcinacijos forma, kuria siekiama indukuoti ilgalaike
imunine tolerancija alergenams (Durham and Shamji 2023).

Taciau AIT gydymas yra ilgas, susijes su tam tikra rizika pacientui ir
ne visada veiksmingas; i§ dalies dél to, kad naudojami nataralios kilmes
alergeny ekstraktai. Naujos kartos technologijos, jskaitant rekombinantinius
alergenus, hipoalergenus, peptidy arba nukleorags¢iy pagrindu sukurtas vakei-
nas, yra perspektyvus kelias, kuriant saugesnius ir veiksmingesnius gydymo
budus (Zemelka-Wiacek et al. 2024). Taciau jy taikymas priklauso nuo tik-
slaus molekulinio apibaidinimo ir patikimy biotechnologiniy sintezés sistemuy,
galinc¢iy uztikrinti kliniskai reik§mingy baltymy gavima.

Renkantis rekombinantiniy alergeny raiskos sistema, buitina jvertinti ke-
lis kriterijus: potransliaciniy modifikacijy poreikj, struktirinj sudétinguma
reikalinga konformaciniy epitopy i$saugojimui ir baltymy tirpuma. Kartu
reikia atsizvelgti j praktinius apribojimus, jskaitant sintezés laika, iSeigg ir pro-
dukto sauguma terapiniam taikymui (M Liu et al. 2025). Todél i$samus raiskos
sistemy savybiy supratimas yra bitinas tiek diagnostikos metody tobulinimui,

tiek naujos kartos terapiniy priemoniy karimui.
Darbo tikslas

Susintetinti ir apibidinti rekombinantinius juodosios tigrinés krevetés
Penaeus monodon Pen m 4, Suns Canis familiaris Can f 6 ir paprastosios vapsvos
Vespula vulgaris Ves v 5 alergenus Pichia pastoris sistemoje bei jvertinti $ios

sistemos tinkamuma diagnostinés kokybeés alergenams gaminti.
Darbo uzdaviniai

1. Palyginti Saccharomyces cerevisiae ir Pichia pastoris raiSkos sistemas

rekombinantiniy alergeny baltymy sintezei.

2. Susintetinti Pen m 4 ir Can f 6 alergenus, nesulietus ir sulietus su maltoze

suriSanciu baltymu (MBP), E. coli ir P. pastoris raiSkos sistemose.

3. Ivertinti rekombinantiniy alergeny antigeniskuma, naudojant alergisky

pacienty kraujo serumus.
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4. Palyginti IgE reaktyvuma tarp E. coli ir P. pastoris sintetinty alergeny,

siekiant jvertinti potransliaciniy modifikacijy svarba.

5. Validuoti optimizuota P. pastoris rekombinantinio baltymo sintezés ir
gryninimo process, naudojant Ves v 5 kaip modelinj vabzdziy nuody

alergena, ir jvertinti susintetinty alergeny diagnostines savybes.

Darbo aktualumas ir mokslinis naujumas

Siame darbe pirma karta sistemingai istirta Pen m 4 ir Can f 6 alergeny
sintezeé P. pastoris raiSkos sistemoje, gauti rezultatai buvo lyginami su tradicine
E. coli sistema. Norint padidinti rekombinantiniy baltymuy raiska bei tirpuma,
jie buvo sintetinami sujungus su maltoze suriSan¢iu baltymu (MBP). Suliejimo
strategija su MBP yra daznai naudojama E. coli raiskos sistemose, taciau jos pri-
taikymas P. pastoris sistemoje iki $iol buvo mazai tiriamas. MBP panaudojimas
padidino rekombinantiniy alergeny raiska ir nedaré neigiamos jtakos tolimes-
niems tyrimams, kadangi MBP nesaveikauja su IgE antikainais. P. pastoris
pagrindu sukurta rekombinantiniy alergeny sintezés sistema buvo isbandyta
su Vespula vulgaris alergenais, parodant, jog $i sistema yra tinkama maziems ir
minimaliai glikozilintiems baltymams. Sintezés mechanizmo tyrimai atskleidé
proteolitinj skilimg uz MBP domeno, atitinkantj literatiiroje aprasytus atvejus,
bei pirma karta nustatytg su MBP sulieto baltymo N-galo proteolitinj skilimg
P. pastoris raiskos sistemoje. Sie atradimai isryskina kritiskai svarbius veik-
snius, kuriuos batina jvertinti konstruojant su MBP sulietus baltymus P. pas-
toris sistemoje. Kartu, nustatyta, jog P. pastoris mielése susintetintas Pen m 4
alergenas formuoja ypa¢ stabilius dimerus, kurie yra atsparts cheminiam ar
terminiam poveikiui, ir islaiko IgE atpaZinimo funkcijas. Sis glikozilinimo
nulemtas konformacinis pokytis iki $iol literataroje aprasytas tik kelis kartus
(Z Li et al. 2010; AK Walker et al. 2013).

Klinikiniu poziariu $is darbas sprendzia esminius alergijos diagnostikos
triakumus: 1) komerciniai kreveéiy alergijos testai remiasi tropomiozinu -
panalergenu, kurio platus kryZzminio reaktyvumo spektras lemia klaidin-
gai teigiamus rezultatus; 2) Suny alergijos diagnostika netiksli dél alergeny
ekstrakty skirtingos kokybés bei nei§samaus alergeny spektro. Sintetinant ir
apibudinant Pen m 4 ir Can f 6 alergenus, kurie gali sukelti monosensibilizacija
ir apibrézia atskiras pacienty grupes, sis darbas sukuria naujus molekulinius

irankius alergijos komponenty diagnostikai. Sukurta metodika taip pat tinka
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kliniskai svarbiems alergenams, tokiems kaip paprastyjy vapsvy nuody alerge-
nas Ves v 5, nes metodika uZtikrina auksta iSeigg ir kokybe. Tyrime nustatyti
diagnostikos patikimuma ribojantys veiksniai: EDTA antikoaguliantas, dél
kalcio chelatavimo sumazinantis Pen m 4 IgE reaktyvuma 61-73% ir liofilizacija,
sukelianti bakterijose susintetinty Pen m 4 ir Can f 6 baltymy degradacija bei
galimai nulemianti jy nestabilumg komerciniuose ekstraktuose. Apibendrinus,
Sie atradimai nustato moksliskai pagrjstus rekombinantiniy alergeny sintezés
protokolus ir atskleidzia kritinius analizés bei stabilumo veiksnius, kuriuos

butina kontroliuoti siekiant uztikrinti diagnostikos tiksluma.
Disertacijos teiginiai

1. P. pastoris PichiaPink™ raiskos sistema yra tinkama rekombinantiniy
alergeny sintezei su natyviai konformacijai artima antigenine struktra,

o gauti alergenai tinkami naudoti diagnostinése sistemose.

2. Suliejimas su MBP padidina rekombinantiniy alergeny iSeiga P. pastoris
sistemoje, nedarant neigiamos jtakos jy pritaikymui in vitro diagnos-

tinése sistemose.

3. P. pastoris raiskos sistemoje susintetinty baltymy, suliety su MBP, N-galo
proteolizé rodo anks¢iau nezinoma MBP konstrukty jautruma proteoli-
tiniam skaldymui, tai suteikia naujy jzvalgy, kuriant suliejimo baltymus
P. pastoris raiskos sistemoje.

4. Iprastinés procediiros, atliekamos ruosiantis diagnostiniams tyrimams,
apimancios tiek EDTA antikoagulianty naudojima kraujo émimo pro-
ceso metu, tiek alergeny stabilizavima liofilizacijos metodu, gali daryti
itaka ir reikSmingai keisti diagnostiniy testy jautrumag ir tiksluma.

5. P. pastoris glikozilinimas rekombinantiniuose alergenuose gali sukelti
struktirinius pokycius, kurie padidina baltymo stabiluma, taciau kartu

islaiko diagnostikai reikalinga imunologinj antigeniskuma.
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MEDZIAGOS IR METODAI

Zmogaus kraujo serumai

Tyrimuose buvo naudojami ImmunoCAP™ arba ALEX?® testais analizuoti
Zmogaus kraujo serumai. Méginiai su sIgE koncentracijomis >0,35 kU/1 ir
>0,30 kU/1 buvo laikomi teigiamais. Kraujo méginiai buvo nuperkami i$
PlasmaLab International (Everett, WA, JAV), o Pen m 4 tyrimams gaunami i$
Imunodiagnostika Ltd. (Lietuva; etikos komiteto sutikimas Nr. 158200-17-926-
430). Serumy méginiai buvo laikomi —20 °C iki naudojimo.

Rekombinantiniy baltymy sinteze E. coli raiskos sistemoje

E. coli Dh5a kamieno lastelés buvo naudojamos vektoriy dauginimui, o
BL21(DE3) ir Rosetta(DE3) kamienai — rekombinantiniy baltymy raiskai. Kom-
petentinés bakterijy lastelés buvo paruosiamos CaCl, metodu ir transformuo-
jamos su plazmidine DNR $iluminio $oko metodu. Po transformacijos buvo
atliekama teigiamy klony atranka kolonijy PGR metodu. Plazmidiné DNR i§
E. coli bakterijy buvo gryninama Sarmineés lizés metodu arba rinkiniu pagal
gamintojo rekomendacijas. ISgrynintos plazmidés buvo tikrinamos Vilniaus
universiteto Gyvybés moksly centro Biotechnologijos instituto (VU GMC BTI)
DNR sekoskaitos centre.

I sterilig skystg LB terpe, praturtintg atitinkamais antibiotikais, buvo
uzséjami teigiami klonai ir auginami per naktj 37 °C temperattroje purtant.
Kita diena, j naujg mégintuvélj su skysta LB terpe buvo uZséjama naktiné
kultdra (50 karty skiesta) ir auginama tomis paciomis salygomis kol pasiekia-
mas reikiamas 0,4-0,6 optinis tankis (OT). Rekombinantiniy baltymy raiska
indukuota su 1 mM IPTG (0,5 mM IPTG rVes v 5 baltymui) ir tesiama per-
nakt (3 val. indukcija rMBP-Ves v 5 baltymui) 24 °C temperatiroje (30 °C
temperataroje rVes v 5 ir rMBP-Ves v 5 baltymams). Lasteliy biomasé buvo
surenkama centrifuguojant ir toliau ardoma natyviomis arba denatiruojancio-
mis saglygomis. Atskirtas supernatantas arba nuskaidrintas lizatas buvo saugomi
—20°C temperaturoje.

Rekombinantiniy baltymy sinteze P. pastoris raiskos sistemoje

P. pastoris PichiaPink™ raiskos sistema buvo naudojama rekombinantiniy
baltymy sekrecijai j mieliy augimo terpe. Pilotiniuose eksperimentuose buvo
naudojami skirtingy proteaziy neturintys kamienai (K): K1 — ade2; K2 - ade2,
pep4; K3 — ade2, prbl; ir K4 - ade2, pep4, prbl. Elektrokompetentinés P. pas-

toris lastelés buvo paruosiamos su 1 M D-sorbitoliu ir transformuojamos su
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linearizuota plazmidine DNR elektroporacijos badu (1,5 kV, 200 €2, 25 pF).
Transformuoty mieliy lastelés buvo atgaivinamos YPDS terpéje ir teigiami
klonai atrenkami PAD-Ag lékstutése po 3-10 dieny inkubacijos 30 °C tem-
peratiroje. Atrinktos kolonijos buvo auginamos BMGY terpéje 30 °C tem-
peratiroje purtant kol pasiekiamas reikiamas 5-6 OT. Tada lastelés buvo
surenkamos centrifuguojant ir rekombinantiniy baltymy raiska indukuojama
su BMMY terpe, praturtina metanoliu. Mieliy kultara buvo auginama 30 °C
temperatiroje purtant. Kas 24 val., indukcijos terpé buvo papildoma metanoliu
iki galutinés 0,5% koncentracijos. Po 3 dieny auginimo, kultara centrifuguo-
jama 1500 rpm 10 min; surinktas supernatantas buvo laikomas 4°C tem-
peraturoje iki dializés. Vidulasteliniy baltymy analizei, po centrifugavimo
atskirta mieliy biomasé buvo ardoma mechaniskai su stiklo rutuliukais atitinka-
mame buferiniame tirpale. Nuskaidrinti lizatai buvo saugomi 4 °C arba —20°C

temperatiiroje.

Baltymy gryninimas Ni-NTA agaroze

Histidino inkarine seka (6xHis) Zyméty rekombinantiniy baltymy grynini-
mas buvo atliekamas su Ni-NTA agaroze natyviomis bei denatiruojanc¢iomis
salygomis. Lizés buferiniu tirpalu pusiausvyrinta Ni-NTA agarozé buvo inkub-
uojama su nuskaidrintais lizatais 4 °C temperataroje (2 val. natyviomis arba
12-16 val. denatiiruojanciomis salygomis). Po inkubacijos buvo atliekamas
agarozeés plovimas: 3 kartus fiziologiniu arba 10 karty mazéjancio pH buferi-
niais tirpalais su vis didéjancia imidazolo koncentracija. Tikslinis baltymas
buvo eliuojamas atitinkamai didinant imidazolo koncentracijg ir/arba maZinant
pH.

Baltymy gryninimas jony mainy chromatografija

Rekombinantiniai su MBP sulieti baltymai buvo gryninami i§ surinktos
P. pastoris augimo terpés jony mainy chromatografijos badu. Dr. Mindaugas
Zaveckas atliko gryninimg su AKTApuriﬁer 100 sistema 4 °C temperaturoje.
Prie§ gryninima terpés buvo dializuojamos atitinkamuose buferiniuose tirpal-
uose ir filtruojamos naudojant 0,45 uM pory PVDF membrang su Stericup
Quick Release-HYV sterilia vakuumo filtravimo sistema. Katijony (SP Sepharose
Fast Flow) ir anijony (Q Sepharose Fast Flow) sorbentai buvo naudojami rMBP-
Pen m 4 ir rMBP-Can f 6 gryninimui, taciau rMBP-Ves v 5 buvo gryninamas
naudojant tik katijony sorbenta. Baltymai buvo eliuojami linijiniu druskos
gradientu (0-100%).
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Baltymy gryninimas Ni-NTA chromatografija

Histidino inkarine seka pazymeéti rekombinantiniai alergenai buvo gryni-
nami i§ surinktos P. pastoris augimo terpés afininés chromatografijos badu.
Analogiskai jony mainy chromatografijai - gryninimas buvo atliekamas Dr. Min-
daugo Zavecko, o terpés prie$ gryninimag buvo dializuojamos ir filtruojamos.
Gryninimas buvo atliekamas su Ni-NTA Superflow kolonéle, pusiausvyrinta
su dializés buferiniu tirpalu. Baltymai buvo eliuojami linijiniu imidazolo gra-
dientu (0-100%).

Imunoblotas

Po baltymy elektroforezés, baltymai buvo perkeliami ant aktyvintos PVDF
membranos pusiau sausu pernesimo metodu (20 V, 700 mA, 40 min). Po
pernasos, membrana 1 val. buvo blokuojama su Roti®Block blokavimo tir-
palu. Po blokavimo ir plovimo etapy su fosfatiniu buferiniu tirpalu, papildytu
0,1% Tween-20 tirpalo (PBS-T), membrana buvo inkubuojama su pirminiais
monokloniniais antikinais (mAKk) prie§ 6xHis arba mAk 19C19 prie§ MBP.
Po inkubacijos, membrana buvo praplaunama ir inkubuojama su antriniais
ozkos mAk prie§ pelés IgG (H + L) konjuguotais su krieny peroksidaze (HRP).
Imunodetekcijai su Zmogaus kraujo serumais buvo naudojami antriniai pelés
mAKk pries Zzmogaus IgE Fc konjuguoti su HRP. Chromogeniné reakcija buvo
stebima pridéjus 4-chloro-1-napthol ir H,O, arba 1-Step™ Ultra TMB-Blotting
tirpalo.

Glikozilinimo ir deglikozilinimo analizes

Baltymy glikozilinimo analizé buvo atliekama naudojant manozés lieka-
noms specifinj Konkanavalino A (Kon A) lekting. Tyrimas buvo atliekamas
pagal pusiau sauso imunobloto metodika, naudojant Kon A peroksidazes
konjugata, praskiesta iki 0,1 pg/ml koncentracijos PBS-T buferiniame tirpale.
Chromogeniné reakcija buvo stebima pridéjus 1-Step™ Ultra TMB-Blotting
tirpalo.

Deglikozilinimas buvo atliekamas naudojant Protein Deglycosylation Mix
II rinkinj pagal gamintojo rekomendacijas. I§gryninti tiriami baltymai (100 pg)
buvo denattruojami 75 °C temperatiiroje; tada, pridéjus deglikozilaziy, buvo
inkubuojami 30 min 25 °C temperatiiroje ir 1 val. 37 °C temperatiroje. Gauti

meéginiai buvo analizuojami baltymy elektroforezés ir imunobloto metodais.
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Netiesiogine imunofermentine analize (IFA)

Diagnostiné 96 Sulinéliy IFA plokstele (Nunc MaxiSorp™) buvo paden-
giama 5 pg/ml koncentracijos antigenu, praskiestu karbonatiniame imobilizaci-
jos buferiniame tirpale. Po 12 val. inkubacijos 4 °C temperattroje, plokstelé
buvo blokuojama laikant 2 val. KT su Roti®Block blokavimo tirpalu. Po blokav-
imo, plokstelé buvo praplaunama du kartus su dejonizuotu H,O. Nusausinus
ploksteles, j sulinélius buvo jpilama po 100 pl 1:10 santykiu PBS-T buferiniame
tirpale praskiesty Zzmogaus kraujo serumy. Po 2 val. inkubacijos KT purtant,
plokstele buvo plaunama keturis kartus su PBS-T buferiniu tirpalu, kuris buvo
1:1 santykiu praskiestas su dejonizuotu H,O. Tada buvo jpilama po 50 pl pelés
mAk pries§ Zmogaus IgE Fc, konjuguoty su HRP, 1:1000 santykiu praskiesty
PBS-T buferiniame tirpale. Po analogiskos inkubacijos ir plovimo, plokstelés
dar papildomai buvo praplaunamos du kartus su dejonizuotu H;O ir detekcija
buvo atliekama su chromogeniniu TMB tirpalu; reakcija buvo stabdoma su
3,6% H,SO4 ragstimi. OT buvo matuojamas 450/620 nm spektrofotometru.

Kalcio chelatavimo poveikiui tirti serumy skiedimo buferinis tirpalas buvo
papildomas 5 mM EDTA.

Teigiamo atsako ribinés vertés buvo apskai¢iuojamos kaip neigiamy kontro-
liy vidurkis prie kurio pridéti trys standartiniai nuokrypiai (SD). Kontroliniai
méginiai: rekombinantinis MBP (E. coli kilmés), P. monodon bei C. familiaris
alergeny ekstraktai ir HRP fermentas.

Atvirkstines fazes baltymy mikrogardeliy tyrimas

Atvirkstinés fazés baltymy mikrogardeliy eksperimentai buvo atliekami
Laimio Silimavi¢iaus jmonéje ,JImunodiagnostika“ (Vilnius, Lietuva); duomeny
analizé buvo atliekama Jutos Dvareckienés. Rekombinantiniy baltymy kon-
centracija buvo standartizuojama iki 1 mg/ml, méginiai buvo atspausdinami
serijiniais skiedimais (nuo 2 iki 32 karty) ant 2D-epoksidiniy stikly, naudojant
sciFLEXARRAYER SX spausdintuva. Alergenai buvo spausdinami 420 pl tario
lageliais su trimis pakartojimais, i§laikant 320 pm intervalus tarp tasky. Ploks-
telés kontrolei buvo naudojami Streptavidin-Cy5 zZymeéti taskai. Kontroliniai
komponentai: nataralas alergeny ekstraktai (0,2 pg/ml), rekombinantiniai
alergenai (0,2 pg/ml), peroksidazé (0,05 pg/ml), Zzmogaus serumo albuminas
(0,1 ug/ml) bei MBP (0,1 pg/ml).

Paruostos mikrogardelés buvo laikomos 4 °C temperatiroje per naktj.
Kita diena, mikrogardelés buvo dziovinamos 15 min 37 °C temperatiroje, tada
blokuojamos 30 min su 2% jaucio serumo albuminu (JSA) PBS-T buferiniame
tirpale. Po inkubacijos, mikrogardelé buvo iSpurtoma ir inkubuojama su
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zmogaus serumais (1:5 skiedimo) 2 val. 37°C temperatiroje 24-sulinéliy
hibridizacijos kasetése. Po plovimo su dejonizuotu H,O (30 sek inkubacija) ir
nusausinimo, buvo naudojami antriniai antik@inai — pelés mAk prie§ Zzmogaus
IgE, konjuguoti su Alexa Fluor 647 Zymeniu. Inkubacija buvo vykdoma 1 val.
KT. Fluorescenciné reakcija buvo stebima InnoScan 710 AL skeneriu. Vaizdo
analizé buvo vykdoma MAPIX programine jranga, vidutinis fluorescencijos
intensyvumas (MFI) buvo apskai¢iuojamas i$ trijy pakartojimy duomeny.
Kryzmiskai reaguojanéiy angliavandeniy determinanéiy (CCD) jtakai jver-
tinti, serumai, pries tyrimg su mikrogardelémis, buvo inkubuojami (10 min,
KT) su 100 pg/mL HRP, kuris sumazina CCD reaktyvuma ~94%. Mikrogar-
delése esanti HRP buvo naudojama kaip teigiama kontrolé neapdoroty serumy

analizéje ir kaip neigiama kontrolé su HRP inkubuotiems serumams.

Statistine IFA duomeny analize

IFA duomenys buvo normalizuojami, siekiant sulyginti skirtingy ploks-
teliy rezultatus. I$ kiekvieno méginio OT reik§més buvo atimamas tusciy
Sulinéliy vidurkis, tada gauta verté buvo padalinama i$ toje pacioje ploksteléje
esancio atitinkamo kontrolinio méginio OT vidurkio vertés (pvz., C. famil-
iaris ekstrakto reakcijos su teigiamu kraujo serumy misiniu). Normalizavus
ploksteliy vertes pagal plokstelés kontrole, kiekviena reiksmé buvo padaugi-
nama i$ visy ploksteliy teigiamy kontroliy vidurkio, sulyginant visy ploksteliy
duomenis. Rezultatai buvo pateikiami kaip normalizuotas vidutinis OT & SD,
o ribiné reiksmeé (cut off) buvo nustatoma kaip neigiamy kontroliy vidurkis
pridéjus tris SD.

Statistiné analizé buvo atliekama Python aplinkoje (PyCharm IDE), naudo-
jant pandas ir numpy duomeny apdorojimuli, scipy.stats ir statsmodels statis-
tiniams testams, bei matplotlib ir seaborn rezultaty vizualizacijai. Baltymy
reaktyvumo skirtumai tarp rekombinantiniy varianty buvo vertinami vienfak-
torinés blokuoty duomeny dispersinés analizés testu, o poriniai palyginimai
(post hoc) buvo atliekami taikant Tukey HSD arba Bonferroni korekcijg. Papil-
domai, suporuoti t-testai (dviejy iméiy, suporuoty vidurkiy palyginimas) buvo
atliekami naudojant Microsoft Excel v2504 (Build 16.0.18730.20122). Statistiniai
skirtumai buvo laikomi reiksmingais, kai p < 0,05.

Statistine mikrogardeliy duomeny analize
MFI duomenys buvo apdorojami ir normalizuojami, siekiant pasalinti
technines klaidas ir uztikrinti palyginamuma tarp mikrogardeliy. Zondai,

pazymeéti ,—100FLAG® arba turintys signalo ir triuk§mo santykj (SNR) < 2,
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buvo pasalinami i$ tolimesnés analizés. Likusios MFI reik§meés buvo transfor-
muojamos logy masteliu, siekiant stabilizuoti dispersijg ir sumazinti desininj
pasiskirstymo $aliskuma. I8 kiekvieno tasko MFI vertés buvo atimamas medi-
aninis fono signalas, gaunant normalizuotas logs reiksmes. Kadangi eksperi-
mento metu buvo naudojamos kelios mikrogardelés, buvo atliekamas verciy
normalizavimas tarp mikrogardeliy. Palyginus kontroliniy baltymy skaitines
vertes, nustatyta, jog matavimai tarp mikrogardeliy skiriasi 0,16 vieneto
log, skaléje, t.y., apie 12%. Todél atitinkamai buvo koreguojami duomenys
ir ploksteliy vertés buvo suvienodinamos. Po Sios korekcijos, kontroliniy
baltymy (MBP, HRP, alergeny ekstraktai, bendras IgE, HSA ir kontroliniai
baltymai) reik§més buvo sugrupuotos ir buvo apskai¢iuojamas jy vidurkis,
suformuojant vieningg duomeny rinkinj.

Statistiniam vertinimui buvo taikomas linijinis misriy efekty modelis
(LMM), pagristas normalizuotomis logy MFI reiksmémis. Baltymo variantas
buvo laikomas fiksuotu efektu, o mikrogardelé ir serumo donoras - atsi-
tiktiniais efektais, siekiant jvertinti likutinj tarpindividinj ir tarpplokstelinj
kintamumg. Modelis buvo jgyvendintas Python aplinkoje (PyCharm IDE),
naudojant pandas ir numpy duomeny tvarkymui, scipy.stats ir statsmodels
statistiniams testams bei matplotlib ir seaborn vizualizacijai. Poriniai paly-
ginimai (post hoc) buvo koreguojami taikant Bonferroni korekcija, siekiant
kontroliuoti bendra I rasies klaidos lygj.

CCD jtakos analizei buvo lyginamos HRP-inhibuoty ir neinhibuoty serumy
suporuotos loge MFI reik§meés kiekvienam baltymui. Shapiro-Wilk testas buvo
taikomas poriniy skirtumy normalumui jvertinti: jei p > 0,05, buvo taikomas
suporuoto Student t-testo analizé, o nenormaliems duomenims — Wilcoxon
Signed Rank testas. Gautos p-reiksmeés buvo koreguotos taikant Benjamini-
Hochberg metoda (klaidingy atradimy daznis = 5%), siekiant islaikyti klaidingy
atradimy lygj. CCD inhibicijos poveikiui jvertinti buvo taikomas dviejy
faktoriy blokuoty duomeny dispersinés analizés modelis, kur ,baltymas® ir
,HRP inhibicija“ buvo laikomi vidiniy kintamyjy faktoriais, o ,serumo donoras*
— subjekto kintamasis. Visuose testuose reiksmingumo riba buvo nustatoma,
kai o = 0,05.
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REZULTATAI IR JU APTARIMAS

1. Rekombinantiniy alergeny sintezes sistemy pasirinkimas

Pirmiausia buvo atlikta rekombinantiniy alergeny sintezés sistemy analizé,
iSrenkant optimalig prokariotine ir eukariotine sistemas. Raiskai bakterijose
buvo pasirinkta tradiciné E. coli BL21(DE3) sistema, paremta pET28a(+) ir
pET28a(+)-MBP-TEV vektoriy naudojimu. Sintezei bei tirpumui padidinti
— alergenai sulieti su MBP baltymu, o uZztikrinti efektyvy gryninimg — su
6xHis inkarine seka, kadangi MBP daznai nesaveikauja su amilozés sorbentu
(Nallamsetty and Waugh 2006; Nallamsetty, Austin, et al. 2005; Bell et al. 2013).

Raiskai mielése pirmiausia pasirinkta Saccharomyces cerevisiae mieliy sis-
tema, paremta vidulgsteline (pFX?7 tipo vektoriai) ir sekrecine (pFG-PGK1-«
tipo vektoriai) sinteze. Analogiskai prokariotiniam modeliui, MBP buvo nau-
dotas kaip sulietinis baltymas gerinantis sinteze ir tirpumg. Taciau, nors MBP
yra daznai naudojamas E. coli raiskos sistemose, jo pritaikymas mielése iki
Siol buvo mazai tiriamas (Z Li et al. 2010; Moua et al. 2016; Jiang et al. 2016;
J Gao et al. 2023). Sis darbas pirma kartg apraso MBP strategijos taikyma
rekombinantiniy alergeny sintezei mielése, siekiant istirti, ar $i strategija
galéty padidinti iSeigas ir pagerinti tinkamai susilanksé¢iusiy baltymuy sinteze.

Pilotiniai eksperimentai buvo atlikti su astuoniais alergenais i§ jvairiy
baltymy Seimy. Vidulasteliné ir sekreciné heterologiniy baltymy raiska S. cere-
visiae mieliy kamienuose buvo nedidelé arba neaptinkama, imunobloto anali-
zése buvo matoma, jog baltymai sudegradavo. S. cerevisiae AH22-214Amn10
mutantinio kamieno isbandymas hiperglikozilinimo sumazinimui irgi nepa-
siteisino. Kadangi glikozilinimo analizés parodé, jog PTM lygis priklausé nuo
pasirinktos mieliy kolonijos, indukcijos temperatiros ir indukcijos trukmeés.
Apzvelgiant susintetinty baltymy iSeigas, PTM kintamuma ir S. cerevisiae
sekretuojamy foniniy baltymy gausa kultiros terpése, buvo nuspresta tolimes-
nius eksperimentus vykdyti Pichia pastoris raiskos sistemoje.

Literattiroje aprasyta didelé jvairové rekombinantiniy alergeny susintetinty
P. pastoris mielése. Raiskai eukariotinéje sistemoje pasirinkta PichiaPink™
sistema, naudojanti pPink-HC vektoriy su AOX1 promotoriaus kontroliuo-
jamu a-faktoriaus signaliniu peptidu, skirtu sekretuojamai raiskai. Si sistema
pasizymi efektyvia sekrecija, mazu foniniy baltymy kiekiu, palengvinanéiu
gryninima, bei mazesniu hiperglikozilinimu.

Pasirinkus sistemas bei apibendrinus literataros duomenis, nuspresta to-
liau dirbti su baltymais, kuriy sintezé mielése iki $iol netirta — Pen m 4 ir

Can f 6 — bei su vienu i$ svarbiausiy vabzdziy nuody alergenu Ves v 5.
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2. Rekombinantinio alergeno Pen m 4 sinteze ir imunologinis apibiudinimas

2.1E. coli raiskos sistema: rPen m 4 ir rMBP-Pen m 4 sintezé ir apibuidinimas

Rekombinantinio Pen m 4 sintezei E. coli bakterijose buvo sukonstruoti
raiSkos vektoriai, naudojant pET28a(+) ir pET28a(+)-MBP-TEV plazmides,
i kurias buvo jterpta optimizuota Pen m 4 geno DNR seka. Sukonstruoty
vektoriy pET28a(+)-Pen m 4 ir pET28a(+)-MBP-TEV-Pen m 4 sekoskaita buvo
atlikta VU GMC BTI DNR sekoskaitos centre.

Sukurtomis plazmidémis transformavus E. coli BL21(DE3) kamieng, rPen m 4
ir rMBP-Pen m 4 baltymy sintezé buvo indukuota j terpe pridéjus IPTG.
Surinkta bakterijy biomasé buvo suardyta ultragarsu ir iSanalizuota baltymy
elektroforezés metodu. Vektoriumi pET28a(+)-Pen m 4 transformuoty bakterijy
supernatanto méginyje buvo aptikta rPen m 4 baltymga atitinkanti ~25 kDa dy-
dzio baltymo juostelé, o pET28a(+)-MBP-TEV-Pen m 4 vektoriumi — ~66 kDa
juostele. Tirpus tiksliniai baltymai buvo isgryninti su Ni-NTA agaroze ir gau-
tos, atitinkamai, 52 mg/1 ir 66 mg/l iSeigos. Suliejimas su 6xHis-MBP seka
padidino Pen m 4 baltymo iSeigg 1,3 karto.

E. coli sistemoje susintetinty Pen m 4 baltymy apibtdinimas masiy spek-
trometrijos ir imunobloto metodais parodé, jog tiksliniy baltymy dydziai, 25 ir
66 kDa, atitinka teorines molekulines mases (MW). Rekombinantiniy Pen m 4
baltymy laikymo salygy analizé atskleidé, jog liofilizacija neigiamai veikia
tiek rPen m 4, tiek rMBP-Pen m 4 stabilumg. Kity sglygy — 4°C, 20°C ir
—20°C su 40% gliceroliu - poveikis baltymo stabilumui po ménesio laikymo
buvo panasus. Taciau patikrinus méginius po 24 mén buvo galima stebéti,
jog laikymas be glicerolio tiek 4 °C, tiek —20 °C temperatiiroje sukelé stiprig
degradacija, o laikymas —20°C temperatiroje su 40% gliceroliu uztikrino
geriausia stabiluma. Kadangi rPen m 4 numatytas naudoti kaip farmacinis
produktas, $is jautrumas saldymo ir dziovinimo stresui turi buti vertinamas
ruosiant alergeny ekstraktus (W Wang 2000). Sie rezultatai gali paaiskinti,
kodél Pen m 4 molekulé neaptinkama 2 i§ 5 komerciniy kreveciy ekstrakty,

daZniausiai gaminamy i§ uzsaldyty kreveciy (Asero, Scala, et al. 2017).

2.2 P. pastoris raiskos sistema: rPen m 4 ir rMBP-Pen m 4 sinteze ir apibudinimas

Rekombinantinio Pen m 4 sintezei P. pastoris mielése buvo sukonstruoti
raiSkos vektoriai, naudojant pPink-aF-HC vektoriy, j kurj jterpta arba opti-
mizuota Pen m 4 geno DNR seka arba sulietinj MBP-TEV-Pen m 4 baltyma
koduojanti DNR seka. Sukonstruoty vektoriy pPink-aF-Pen m 4 ir pPink-aF-
MBP-TEV-Pen m 4 sekoskaita buvo atlikta VU GMC BTI DNR sekoskaitos

centre.
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Sukurtomis plazmidémis transformavus PichiaPink™ sistemos mieliy ka-
mienus, pasizyminc¢ius skirtingais proteaziy aktyvumais, rPen m 4 ir rMBP-
Pen m 4 baltymy sintezé indukuota j terpe pridéjus metanolio. Surinkta augimo
terpé buvo sukoncentruota ir iSanalizuota baltymy elektroforezés metodu.
Vektoriumi pPink-aF-MBP-TEV-Pen m 4 transformuoty mieliy méginiuose
buvo aptikta rMBP-Pen m 4 baltymag atitinkanti ~67 kDa juostelé. Baltymo
rMBP-Pen m 4 sintezés efektyvumas buvo jvertintas ir imunobloto analizéje
su mAk pries MBP baltyma (Pav. 1 takeliai 2 ir 3). Didelés apimties sintezei
pasirinktas pep4 geno neturintis kamienas, kuris sintetino didziausig kiekj
rMBP-TEV-Pen m 4 baltymo.

Tuo tarpu vektoriumi pPink-aF-Pen m 4 transformuoty mieliy méginiuose
buvo aptiktos ~45-65 kDa baltymy juostos, neatitinkancios teorinés 23 kDa
rPen m 4 molekulinés masés (Pav. 1 takelis 1). Dr. Mindaugui Zaveckui is-
gryninus rPen m 4 baltyma, naudojant Ni-NTA chromatografija, gauta 17 mg/1
iSeiga. Méginiy su igrynintu rPen m 4 analizé imunobloto metodu, parodé,
jog su mAKk prie$ 6xHis inkarine seka buvo stebimos tik 45-60 kDa baltymuy
juostelés ir nebuvo aptinkama juostele, atitinkanti teoring rPen m 4 MW.
Plazmidés pPink-aF-Pen m 4 sekos patikrinimas, pakartotinés transformacijos
ar skirtingos auginimo salygos §io rezultato nepakeité.

(@) (b) (¢)  mAk pries
Konkanavalinas A MBP baltyma

140 140 140
100 100 100

70 70 70

50 F 50 50

40 40 40

35 35 35

25 25 25

15 15 15

Pav. 1: Isgryninty P. pastoris susintetinty rPen m 4 ir rMBP-Pen m 4 baltymy
analize (a) NDS-PAA gelyje ir (b, ¢) imunoblote (pazyméta naudojamu mAk
arba lektino pavadinimu). Takeliai: [1], rPen m 4; [2], rMBP-Pen m 4, i$gryn-
intas naudojant AEX; [3], rMBP-Pen m 4, i§grynintas naudojant CEX. M -
Spectra™ Multicolor Broad Range Protein Ladder. (b) Glikozilinimo analizé
atlikta naudojant Kon A lekting; (¢) Imunobloto analizé atlikta naudojant mAk
pries MBP baltyma. Baltymai atskirti 14% SDS-PAGE geliuose.

Isitikinti, jog tai P. pastoris mieléms specifiné modifikacija, rPen m 4 aler-
genas buvo susintetintas Kluveromyces lactis mieliy WGI, WSS ir WSSApep4
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kamienuose. ISanalizavus i$ transformuoty K. lactis mieliy iSgryninto rPen m 4
meéginius, visy trijy kamieny gryninimo frakcijose buvo stebima rPen m 4
baltymg atitinkanti ~23 kDa juostelé. Sie rezultatai parodeé, jog modifikacija
specifiné P. pastoris mieléms. K. lactis vektoriy konstravimas ir mieliy trans-
formacija atlikta Dr. Danguolés Ziogienés ir Andriaus Budrulio, gryninimas
atliktas Jutos Dvareckienés.

Siekiant jvertinti, ar padidéjusi MW gali bati susijusi su glikozilinimu,
buvo atlikta bioinformatiné analizé, deglikozilinimas su PNGaze F ir analizé su
Kon A lektinu. Pen m 4 aminortgsciy sekoje nustatytos dvi O-glikozilinimo
ir viena N-glikozilinimo vieta (Hamby and Hirst 2008). Kon A analizé ir
pokyc¢iai po PNGazés F veikimo parodé, jog rPen m 4 yra N-glikozilintas. Po
deglikozilinimo likusi saveika su manoze surisanciu Kon A lektinu rodo, jog
ne visos angliavandeniy modifikacijos buvo pasalintos. Sis signalas gali buiti
susijes su nepilnu deglikozilinimu, O-glikozilinimu arba glikacija (de Oliveira
et al. 2016). Imunoblote su antikinais prie§ 6xHis Zymenj deglikozilintame
meéginyje buvo stebimos keturios juostos — 55, 47, 35 ir 23 kDa. Maziausia
juosta atitiko apskaiciuota monomerinio rPen m 4 MW.

Sie rezultatai rodo, jog aptinkamas platus 45-65 kDa rPen m 4 signalas
bent i$ dalies paaiskinamas heterogenisku glikozilinimu, atliekamu P. pas-
toris raiskos sistemoje. Taciau glikozilinimas nepaaiskina po deglikozilinimo
islikusiy didesnés MW baltymy, todél buvo daroma prielaida, jog vyrauja
papildomas veiksnys. P. monodon Pen m 4 alergenas priklauso sarkoplazminiy
kalcj suriSan¢iy baltymy (SKB) Seimai, kurios nariai nataraliai aptinkami kaip
dimerai (Ayuso et al. 2009). rPen m 4 masiy spektrometrijos analizéje pagrin-
dinis signalas buvo nustatytas ties ~47 kDa. Si masé yra artima apskai¢iuotai
rPen m 4 homodimero masei ir yra apie 1,3 kDa didesné uZ teorine verte. Sis
neatitikimas galéjo biti stebimas dél deglikozilinimo metu pilnai nepasalinty
angliavandeniy masés.

Literatiros duomenimis, SKB dimerai turi disocijuoti uréjos ar SDS tur-
in¢ioje aplinkoje (Wnuk and Jauregui-Adell 1983; Ayuso et al. 2009). Taciau,
siame tyrime atlikti eksperimentai redukuojanciose salygose (4-6 M urea, 4-6
M GuaHCl, 50-250 mM DTT, 100 mM EDTA ir kaiti-nimas 30 min 100°C
temperatiroje) nesuardé P. pastoris susintetinto rPen m 4. Todél padaryta
iSvada, jog P. pastoris atliekamos PTM formuoja itin stabily dimera; tokie
glikozilinimo moduliuojami stabilas dimerai aprasyti Z Li et al. 2010 ir AK
Walker et al. 2013 darbuose.

Glikacija taip pat galéjo prisidéti prie stebéto NDS-PAA gelyje baltymo
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profilio, nes Pen m 4 sekoje yra santykinai daug lizino liekany (7,2%), o baltymy
Sleifai ir likutiné sgveika su Kon A po PNGazés F apdorojimo gali rodyti
kovalentiskai prijungtus angliavandenius (Lima and Baynes 2013; de Oliveira
et al. 2016). Vis délto tiksli PTM, atsakinga uZz didesnés molekulinés masés
rPen m 4 formas, nebuvo nustatyta.

Nepriklausomai nuo stebimo heterogeniskumo, imunoblotuose rPen m 4
baltymas parodé specifinj IgE prisijungimg su P. monodon alergisky Zmoniy
kraujo serumais ir nerodé kryzminio reaktyvumo su kitais antikiinais. Apiben-
drinant, Sie rezultatai rodo, kad P. pastoris susintetintas rPen m 4 yra stabilus,
IgE reaktyvus rekombinantinis alergenas, ta¢iau naudojant §j baltyma diag-
nostiniuose tyrimuose reikeéty jtraukti glikozilinimo kontrole.

Tuo tarpu, rekombinantinis baltymas rMBP-Pen m 4 buvo isgrynintas
Dr. Mindaugo Zavecko naudojant katijony mainy (CEX) ir anijony mainy
(AEX) chromatografija. Sie metodai pasirinkti norint istirti galima grynin-
imo strategijos jtaka IgE saveikai. AEX ir CEX metodais iSgryninto rMBP-
Pen m 4 iSeigos buvo, atitinkamai, 39,5 mg/l ir 1,5 mg/1 (Pav. 1 takeliai 2 ir
3). Skirtingi gryninimo metodai lémé ne tik iSeigos skirtumus, bet ir rMBP-
Pen m 4 glikozilinimo profiliy variacija. Masiy spektrometrijos analizé parodé,
jog isgryninty rMBP-Pen m 4 baltymy dydis buvo 2,28-2,29 kDa maZesnis nei
teoriné MW. Imunoblotuose su mAk prie$ 6xHis inkarine seka signalas nebuvo
aptiktas, tac¢iau naudojant mAk pries MBP baltyma buvo stebimos ryskios
tiksliniy baltymy juostelés. Sie rezultatai rodo, jog P. pastoris susintetintuose
rMBP-Pen m 4 baltymuose buvo prarasta N-galiné 6xHis Zymenj turinti sritis.
Nepaisant $io proteolitinio apdorojimo, rMBP-Pen m 4 specifiskai saveikavo
su P. monodon alergisky Zmoniy kraujo serumais, o kryZminiy reakcijy nebuvo
stebéta.

Imunobloto analizéje su mAk pries MBP taip pat buvo stebimas ~45 kDa
fragmentas, pagal masiy spektrometrijos analize apie 42 kDa, kuris atitinka
nuskelto MBP dydj. Tai rodo papildoma skilima uz MBP domeno esanciose
sulieto baltymo srityse. Remiantis literatiiros analize, P. pastoris mielése yra
aprasytas su MBP susijusios proteazeés veikimas, kuris, kaip manoma, atpazjsta
ne specifine aminoragsciy seka, o trimate baltymo struktirg. Papildomi tyri-
mai parodé, jog ~45 kDa fragmento susidarymo nepanaikino nei proteaziy
inhibitoriai, nei skirtingy proteaziy neturintys P. pastoris kamienai. Literataros
duomenimis, MBP jungimas prie baltymo N- ar C-galo gali pagerinti sekrecija
ir iSeiga, taciau poveikis priklauso nuo tikslinio baltymo ir reikalauja empiriniy
tyrimy. Siame tyrime MBP sujungimas padidino rPen m 4 iseiga 2,3 karto,
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priklausomai nuo gryninimo strategijos.

2.4 rPen m 4 ir rMBP-Pen m 4 baltymy varianty imunologinis apibiudinimas
Susintetinty rekombinantiniy baltymy antigeniskumas tirtas su alergisky
zmoniy kraujo plazmos méginiais. Imunologinei analizei méginiai buvo suskir-
styti j keturias grupes: (i) 12 individualiy méginiy, teigiamy Pen m 4 sIgF;
(ii) teigiama grupé — 8 méginiai, teigiami P. monodon ekstraktui, bet neigiami
Pen m 4 sIgE; (iii) neigiama grupé — 8 IgE neigiami méginiai; (iv)~100 individua-
liy P. monodon alergijai neigiamy méginiy, taciau teigiamy kitoms alergijoms.
Tyrimas atliktas netiesiogine IFA ir atvirkstinés fazés baltymy mikrogardele.
Tiriant rekombinantiniy Pen m 4 baltymy antigeniskuma, pirmiausia, buvo
nustatomas gryninimo strategijos poveikis baltymo imunogeniskumui. IFA
rezultatai parodé, jog P. pastoris susintetintas rMBP-Pen m 4, igrynintas AEX
metodu, statistiskai stipriau reagavo su sIgE nei rMBP-Pen m 4, i$grynintas
CEX metodu. Sie rezultatai rodo, jog gryninimas fiziologinése salygose pH (7,5)
padeda islaikyti natyvig baltymo konformacija ir konformacinius epitopus.
Susintetinty varianty IFA analizé parodé, jog visi tirti baltymai specifiskai

sgveikauja su Pen m 4 sIgE ir nerodo kryZminio reaktyvumo (Pav. 2).
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Pav. 2: rPen m 4 baltymy varianty imunoreaktyvumo analizé netiesioginéje IFA
sistemoje. AEX — rMBP-Pen m 4, iSgrynintas anijony mainy chromatografijos
budu. [1-12] yra individualts P. monodon alergija sergané¢iy Zmoniy kraujo
plazmos meéginiai, kurie yra teigiami Pen m 4 alergenui; PP - teigiama grupe
(P. monodon sIgE teigiama, bet Pen m 4 sIgE neigiama, n = 8); PN - neigiama
grupé (n = 8). Ribineé reik§meé pazymeéta punktyrine linija.

Analizuojant, ar susintetinty baltymy varianty reaktyvumas su sIgE yra
statistiSkai skirtingas, atlikta vienfaktoriné blokuoty duomeny dispersiné
analizé. Gauti ANOVA rezultatai F'(4, 44) = 41,28, p < 0,001 patvirtina,
jog Pen m 4 variantai reaguoja statistiskai skirtingai. Jdomu, jog E. coli sis-
temoje susintetinti Pen m 4 variantai stipriau saveikavo su 11 serumu, kuris
pasizymeéjo zemu sIgE kiekiu, rodant $iy varianty jautruma. Taciau E. coli
susintetintas rPen m 4 kartu parodé ir didesne nespecifiska saveika su teigiama
(PP) grupe.

Post hoc analizé su Bonferroni korekcija atskleidé reiksmingus skirtumus
tarp P. pastoris susinte-tinty rMBP-Pen m 4 baltymuy (gryninty AEX ir CEX
metodais) ir visy kity tirty Pen m 4 varianty (Pav. 3). P. pastoris susinte-
tinti rMBP-Pen m 4 baltymai turéjo Zemiausig mediang ir statistiskai silpniau
reagavo su sIgE lyginant su kitais tirtais baltymais.
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Pav. 3: Grafikas, vaizduojantis rPen m 4 baltymy varianty imunoreaktyvumo
pasiskirstyma. [1], P. pastoris susintetintas rMBP-Pen m 4, i§grynintas naudo-
jant katijony mainy chromatografija (CEX) ir [2] — naudojant anijony mainy
chromatografijg (AEX); [3], P. pastoris susintetintas rPen m 4 baltymas; [4],
E. coli susintetintas rMBP-Pen m 4; [5], E. coli susintetintas rPen m 4; [6],
P. monodon alergeny ekstraktas. Duomenys atspindi normalizuota IgE reak-
tyvuma su 13 individualiy P. monodon alergija serganciy zmoniy kraujo plaz-
mos méginiy, kurie yra teigiami Pen m 4 alergenui. Reaktyvumas pateikiamas
kaip normalizuotos OT vertés, o reikSmingi skirtumai tarp baltymy pazymeéti
zvaigzdutémis (xx = p < 0,01, *x%x=p < 0,001).

Apibendrinus, nors silpna reakcija su sIgE antikiinais néra tinkama diag-
nostiniams testams, tokia savybé baty tinkama imunoterapijai, kadangi suke-
liamas silpnesnis imuninis atsakas. Kiti Pen m 4 variantai reagavo panasiu
stiprumu ir statistiskai neissiskyre.

Imunologinei analizei naudojant atvirkstinés fazés baltymy mikrogardeliy
sistema, gauti rezultatai patvirtino netiesioginés IFA duomenis, jog E. coli
susintetinti variantai stipriau sgveikauja su sIgE (Pav. 4). Jautresnis detekcijos
metodas parodé, jog E. coli susintetintas rMBP-Pen m 4 turéjo didziausias vidu-
tinio fluorescencijos intensyvumo (MFI) vertes. Pav. 4 matomos normalizuotos
MFI vertés, t.y. gauti duomenys buvo logy transformuoti, norint sumazinti

sklaidg ir lengviau interpretuoti santykinius poky¢ius
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Pav. 4: rPen m 4 baltymy varianty imunoreaktyvumo analizé atvirkstines
fazés baltymy mikrogardeliy sistemoje. Grafike pateikti 0,25 mg/ml koncen-
tracijos baltymy imunoreaktyvumo analizés rezultatai. AEX — rMBP-Pen m 4,
i8grynintas anijony mainy chromatografijos badu. [1-13] yra individualas
P. monodon alergija sergan¢iy zmoniy kraujo plazmos meéginiai, kurie yra
teigiami Pen m 4 alergenui; PP - teigiama grupé (P. monodon sIgE teigiama,
bet Pen m 4 sIgE neigiama, n = 8); PN — neigiama grupé (n = 8). Y-asyje pateiki-
amos normalizuotos logo MFI verteés; kiekvienas vienetas $ioje skaléje atitinka
dvigubg neapdoroto MFI intensyvumo pokytj. Cut off — ribiné reiksmeé.

Mikrogardelés eksperimentai parode, kad optimali Pen m 4 koncentracija
padengimui yra 0,25 mg/ml: maZesnés koncentracijos mazina jautruma, o
didesnés didina klaidingai teigiamy rezultaty tikimybe. Tiriant kryZminj reak-
tyvuma su (iv) kraujo grupe, uzfiksuotas atvejis, kai pacientas buvo jautrus tik
Pen m 4, bet nejautrus Pen m 1 ir Pen m 2 alergenams, patvirtinant Pen m 4
sukeliamos monosensibilizacijos galimybe (Sogo et al. 2018). Taip pat nus-
tatyta, jog P. pastoris susintetinti alergenai dél glikozilinimo gali didinti I tipo
klaidy tikimybe (I tipo klaidos — klaidingai teigiami, o II tipo klaidos — klaidin-
gai neigiami), todél diagnostinése plokstelése batina naudoti glikozilinimo
kontrole (Kozlov et al. 2025). Pav. 4 matoma, jog 66% atvejy stipriausiai rea-
gavo E. colirMBP-Pen m 4, 0 33% — E. colirPen m 4, taciau Pen m 4 variantai su
11 serumu neperzengeé teigiamos ribos. Tai rodo, kad nors mikrogardelés yra
jautresneés, didesnis fonas gali maskuoti silpnus teigiamus signalus ir didinti II

tipo klaidy tikimybe.
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Linijinis misriy efekty modelis (LMM) patvirtino, jog matomi statistiskai
reik§mingi skirtumai tarp tirty baltymo varianty (tikimybes santykis y2(3) =
88,78, p = 1,77 x 107 18) (Pav. 5).

m rMBP-Pen m 4 (E. coli) m rPen m 4 (P. pastoris)
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Pav. 5: Grafikas, vaizduojantis rPen m 4 baltymy varianty imunoreaktyvumo
pasiskirstyma. [1], E. coli susintetintas rMBP-Pen m 4; [2], P. pastoris susintet-
intas rMBP-Pen m 4, iSgrynintas naudojant anijony mainy chromatografija
(AEX); [3], E. coli susintetintas rPen m 4; [4], P. pastoris susintetintas rPen
m baltymas; [5], P. monodon alergeny ekstraktas. Y-asyje pateikiamos nor-
malizuotos loga MFI vertés; kiekvienas vienetas Sioje skaléje atitinka dviguba
neapdoroto MFI intensyvumo pokyt. Reik$mingi skirtumai tarp baltymy
pazymeti zvaigzdutémis (x * * = p < 0,001).

Post hoc Bonferroni korekcija parodé, jog matomi skirtumai tarp naudoty
baltymy raiskos sistemy, taciau ne tarp varianty tose paciose sistemoje. Tai
rodo, jog net jei E. coli rIMBP-Pen m 4 turejo aukséiausius MFI lygius, tas
skirtumas nebuvo statistiskai reik§mingas. Ta¢iau apibendrinus antigeniskuma
su gautomis iSeigomis, rMBP-Pen m 4 (E. coli) islieka optimaliu kandidatu

P. monodon alergijos diagnostikai.

2.5 CCD poveikis IgE prisijungimui prie rPen m 4

Siame darbe mielése susintetinti rekombinantiniai alergenai yra glikozilinti
P. pastoris budingu manozilinimu, kuris skiriasi nuo klasikiniy CCD struktary,
sgveikaujanciy su IgE antikanais. Todél norint istirti manozilinimo poveikj

rPen m 4 alergeny saveikoje su sIgE, buvo atliktas eksperimentas su krieny
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peroksidaze (HRP). Eksperimente HRP buvo naudota kaip kontrolinis Zymuo
netipiniam glikozilinimui nustatyti. Normalizuotos loga MFI reiksmes i§ HRP-
inhibuoty ir neinhibuoty serumy buvo lyginamos taikant Shapiro-Wilk testa;
jeip = 0,05 — naudotas suporuotas Student t-testas, kitu atveju — Wilcoxon
testas. p reik§meés buvo koreguotos Benjamini-Hochberg metodu (FDR = 5%),
o bendram inhibicijos poveikiui vertinti taikytas dviejy faktoriy pakartotiniy
matavimy dispersinés analizés modelis (« = 0,05). Duomeny analizéje matoma,
jog HRP-inhibuotose méginiuose statistiskai reik§mingas skirtumas matomas
tik HRP kontroléje (Subsection 3.2.8 Fig.3.17). Tai rodo, jog manozilinimas,
bent Siuo atveju, nedaro statistiskai reik§mingo skirtumo gaunamoms vertéms.

Vis délto, apibendrinus anks¢iau gautus rezultatus, kuriuose su P. pastoris
susintetintais rPen m 4 baltymais buvo stebimos I tipo klaidos, bitina atsizvel-
gti j glikozilinimo tipg ir jtraukti CCD kontroles j diagnostinius testus (Kozlov
et al. 2025). Daugumoje atvejy manozilinimas reik§mingai nepaveikia sIgE
jungimosi, taciau pacientams su dideliu kiekiu anti-CCD sIgE gali pasitaikyti
klaidingai teigiamy rezultaty net ir naudojant komercinius ImmunoCAP testus,
kurie sudaryti i$ celiuliozés. Tokias saveikas galima pasalinti naudojant CCD
inhibitorius pries$ in vitro IgE analize arba panaikinant N-glikozilinimo vietas
(Kozlov et al. 2025; Hemmer et al. 2018). Kita vertus, AIT kontekste mieliy
glikozilinimas yra naudingas, nes manozilinimas atitinka daugelio nataraliy
alergeny potransliacines modifikacijas ir leidzia susintetinti rekombinantinius

baltymus artimus jy natyviai formai (Al-Ghouleh et al. 2012).

2.6 IgE sqveika su rPen m 4 baltymais Ca** -neturincioje aplinkoje

Pen m 4 alergeno IgE reaktyvuma lemia konformaciniy ir linijiniy epitopy
derinys, o dalis konformaciniy epitopy, kaip ir daugumoje SKB Seimos baltymyu,
yra palaikomi Ca?* jony. Ankstesni tyrimai parodeé, kad stipriis Ca?* chelato-
riai gali sumazinti Pen m 4 diagnostinj jautruma, kaip ir kitiems EF-rankos
Ca®* surisantiems alergenams (Morii et al. 2013; Tomura et al. 2008). Alergijy
diagnostikoje naudojami tiek serumai, tiek kraujo plazma, kuri baina surinkta,
naudojant antikoaguliantus (EDTA, natrio citrata, fluoridg ar heparing), pasali-
nanéius Ca?* jonus. In vitro diagnostikos sistemy kiirime ir taikyme néra
atsizvelgiama j kraujo surinkimo metodikos poveikj testo rezultatui.

Eksperimento metu buvo jvertintas EDTA poveikis in vitro Pen m 4 diag-
nostikai. Pen m 4 teigiamas serumo misinys buvo praskiestas buferiniu tirpalu,
papildytu 5 mM EDTA; koncentracija bidinga kraujo émimo mégintuvéliams.
Rezultatai parodeé, kad EDTA sumazino IgE reaktyvuma su rPen m 4 net 61-73%,

tuo tarpu reakcija su P. monodon ekstraktu reik§mingai nepakito. Didinant
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EDTA iki 6 mM papildomo poveikio nepastebéta, taciau didesnis pakartojimy
skai¢ius padidino statistinj jautruma, atskleidZziant reik§mingus skirtumus ir
ekstrakto atveju.

Nors Sie rezultatai preliminaris, jie rodo, kad kraujas, surinktas j EDTA
turinc¢ius mégintuvélius, gali iskreipti IgE tyrimy rezultatus tiriant Ca®* surisan-
¢ius alergenus. Sie tyrimai rodo, kad tik jvertinus alergeny struktirines
savybes galima juos jtraukti j diagnostinius testus.

3. Rekombinantinio alergeno Can f 6 sintezeé ir imunologinis apibudinimas

3.1 E. coli raiskos sistema: rCan f 6 ir rMBP-Can f 6 sinteze ir apibudinimas

Analogiskai rekombinantiniy Pen m 4 varianty sintezei E. coli raiskos
sistemoje, buvo sukonstruoti pET28a(+)-Can f 6 ir pET28a(+)-MBP-TEV-Can f 6
vektoriai. Sukurtomis plazmidémis transformavus E. coli BL21(DE3) kamiena,
rCan f 6 ir rMBP-Can f 6 baltymy sintezé indukuota j terpe pridéjus IPTG.
Tirpis tiksliniai baltymai buvo grynininami kaip anksc¢iau aprasyta su Pen m 4
baltymais, gautos, atitinkamai, 42 mg/1 ir 78 mg/1 iSeigos. Suliejimas su 6xHis-
MBP seka, padidino Can f 6 baltymo iseigg 1,8 karto.

Gryninimo frakcijy analizé baltymy elektroforezés metodu bei imunoblotais
su mAk prie$ 6xHis inkaring seka bei pries MBP baltyma parodeé, jog tiksliniy
baltymy dydziai, 24 kDa ir 64 kDa, atitinka teorines MW. Can f 6 stabilumo
tyrimai parodé, kad E. coli pagaminti baltymai yra jautras $aléiui ir dZiovinimo
stresui, analogiskai Pen m 4 variantams, o geriausias stabilumas pasiektas
laikant —20 °C su 40% gliceroliu. Literattroje aprasomas Can f 6 kiekio kinta-
mumas komerciniuose SPT tirpaluose ir jo Zemi kiekiai gali riboti diagnostinj
patikimuma, ypa¢ monosensibilizuotiems pacientams (Wintersand et al. 2019;
Chan and Leung 2018). Kadangi Can f 6 yra aptinkamas pozandikaulinéje
seiliy liaukoje ir pleiskanose, stebimas ekstrakty kintamumas neturéty bati
priskirtas skirtingy $uny veisliy naudojimui gamybos procese (Yamamoto
et al. 2019; Fernandez-Caldas et al. 2017). Tai rodo, jog tikétina to prieZastis
yra firmose taikoma metodika alergeny ekstrakty produkcijai, ypaé, pacio
ekstrakto pateikimas klientams liofilizuota forma. Gauti rezultatai pabrézia

stabilumo svarbg klinikiniy produkty kiarimo procese.

3.2 P. pastoris raiskos sistema: rCan f 6 ir rMBP-Can f'6 sinteze ir apibudinimas
Rekombinantiniy Can f 6 sintezei P. pastoris mielése sukonstruoti, analogis-
kai Pen m 4 konstruktams, pPink-aF-Can f 6 ir pPink-oF-MBP-TEV-Can f 6
vektoriai. Sukurtomis plazmidémis transformuoti PichiaPink™ sistemos mieliy

kamienai ir tiksliniy baltymy sintezé indukuota j terpe pridéjus metanolio. At-
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likus baltymy elektroforeze su koncentruotais terpiy meéginiais, buvo iSrinktas
kamienas, sintetinantis didZiausius kiekius tiksliniy baltymy — PichiaPink™
K2 (pep4 geno nokautas).

Gryninimus su AKTApurifier 100 sistema atliko Dr. Mindaugas Zaveckas.
Baltymas rCan f 6 grynintas, naudojant Ni-NTA chromatografija; gauta 36 mg/1
iSeiga. Baltymas rMBP-Can f 6 grynintas, naudojant jony mainy chromatografi-
ja. CEX budu isgryninto rMBP-Can £ 6 iSeiga 18,8 mg/], o CEX bidu - 57,5 mg/1.
MBP baltymo prijungimas, priklausomai nuo gryninimo metodikos, gali pa-
didinti rCan f 6 iseigas 1,6 karto.

Idomu, jog, analizuojant visy kamieny, transformuoty su pPink-aF-Can f 6
vektoriumi, terpés meéginius baltymy elektroforezéje buvo galima stebéti
21 kDa baltymuy juostele, atitinkancig rCan f 6 MW, bei ~25 kDa baltymy juo-
stele, kuri galimai atitinka glikozilinta rCan f 6 forma. Siekiant nustatyti, ar tai
glikozilintas tikslinio baltymo variantas, atliktos deglikozilinimo ir glikozili-
nimo analizés su iSgrynintais rCan f 6 baltymais. Imunoblotas su mAk pries
6xHis inkarine sekg parodé, jog deglikozilinus rCan f 6 méginj, buvo matoma
tik viena 21 kDa baltymy juostelé.

ISgryninty rMBP-Can f 6 baltymy analizé parodé, kad CEX badu gryn-
intas baltymas degradavo ryskiau nei AEX btaidu grynintas meéginys, nors jy
glikozilinimo profiliai buvo panasas (Pav. 6 takeliai 2 ir 3). Baltymy elek-
troforezéje ir imunoblote su mAk prie§ MBP buvo matoma ryski juostele,
atitinkanti MBP turintj fragments, o papildoma ~25 kDa juosta, nereaguo-
janti su mAk pries MBP, bet sgveikaujanti su Kon A, galimai atitiko Can f 6
turintj fragments. Kartu su rMBP-Pen m 4 tyrimy duomenimis ir literataroje
aprasytais suliety su MBP baltymy skilimo modeliais, $ie rezultatai leidzia
daryti prielaida, jog proteolitinis skilimas gali vykti uz MBP domeno esanciose
sulieto baltymo srityse, t. y. tarpinéje/jungiamojoje srityje ir/arba tikslinio bal-
tymo regione (Z Li et al. 2010). Toks skilimas paaiskinty stebétus fragmentus,
atitinkanc¢ius MBP ir rCan f 6 dydZius.

rMBP-Can f 6 degradacija buvo ryskiausia CEX badu i§grynintuose meégi-
niuose, todél galima daryti prielaida, jog gryninimo salygos galéjo prisidéti
prie fragmenty susidarymo arba jy iSryskeéjimo. Taciau, atsizvelgus j rMBP-
Pen m 4 eksperimenty duomenis, kur skilimas kaip tik matomas tik AEX badu
iSgrynintuose méginiuose, galime sakyti, jog proteazés veikimui nedaro jtakos
gryninimo pH salygos, tikslinio baltymo kiekis, nei tai yra susije su proteazes
A veikla, kadangi baltymai susintetinti pep4 geno nokaute.
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Pav. 6: Isgryninty P. pastoris susintetinty rCan f 6 ir rMBP-Can f 6 baltymy
analizé (b) NDS-PAA gelyje ir (a, ¢) imunoblote (pazyméta naudojamu mAk
arba lektino pavadinimu). Takeliai: [1], rCan f 6; [2], rMBP-Can f 6, i8grynintas
naudojant AEX; [3], rMBP-Can f 6, i$grynintas naudojant CEX; [4], plovimo
frakcija i§ rMBP-Can f 6 gryninimo naudojant CEX; [5], E. coli susintetintas
rMBP-Pen m 4 . M - Spectra™ Multicolor Broad Range Protein Ladder. (a)
Glikozilinimo analizé atlikta naudojant Kon A lekting; (¢) Imunobloto analizé
atlikta naudojant mAk pries MBP baltyma. Baltymai atskirti 14% SDS-PAGE
geliuose. Rodyklémis pazymeétos juostelés, galimai turin¢ios MBP- ir Can £ 6-
fragmentus.

Kitas svarbus pastebéjimas buvo tai, kad nei rMBP-Can f 6, nei rMBP-
Pen m 4 variantai nesgveikavo su mAk prie$ 6xHis inkarine seka. Tai leidZia
manyti, kad $iuose P. pastoris susintetintuose MBP sulietuose baltymuose buvo
prarasta N-galiné 6xHis Zymenj turinti sritis. Literattroje aprasytuose MBP
suliety baltymy modeliuose daZniausiai stebétas skilimas uz MBP domeno
esanciose srityse, nepriklausomai nuo MBP padéties konstrukte (Z Li et al.
2010; Moua et al. 2016). Tuo tarpu Siame darbe naudotuose konstruktuose
6xHis Zymuo buvo N-gale, t. y. srityje, kuri anks¢iau nebuvo aprasyta kaip
jautri tokio tipo proteolitiniam skilimui.

Kaip ir kiti aukstesnieji eukariotai, P. pastoris sintetina keliy rasiy pro-
teazes, kurios skirstomos j tris pagrindines grupes: citozoliniy proteosomy
komponenty, vakuoliniy proteaziy ir sekrecijos kelyje aptinkamy proteaziy
(Y Zhang, R Liu, et al. 2007). Tyrimuose naudotas PichiaPink™ K2 kamienas
yra pep4 geno nokautas, nesintetinantis vakuolinés proteazes A, todél kartu
pasizymintis ir sumaZzéjusiu kity vakuoliniy proteaziy aktyvumu (Gast et al.
2022). Taip pat jvertintos sekrecijos kelyje veikiancios dipeptidil aminopep-
tidazeés Ste13p ir Dap2p, taciau naudotuose konstruktuose nebuvo jy tipiniy
atpazinimo motyvy, todél 6xHis Zymuo teoriskai turéjo islikti nepazeistas
(Hopkins et al. 2014; Prabha et al. 2009).
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Kadangi publikuoty tyrimy su identiskomis ar pakankamai panasiomis
konstrukcijomis rasti nepavyko, tiksli N-galinés srities praradimo prieZastis
lieka neaiski. Kartu, mazai tikétina, jog 6xHis inkariné seka buvo erdviskai
paslépta, kadangi su 6xHis-MBP sujungti baltymai sékmingai aptinkami po
produkcijos E. coli sistemoje. Todél tikétina, kad endogeniné P. pastoris pro-

teaze galéjo skelti N-galine MBP suliety baltymuy sritj.

3.3 rCan f 6 ir rMBP-Can f 6 baltymy varianty imunologinis apibiidinimas

Rekombinantiniy Can f 6 alergeny antigeniskumo tyrimams buvo atlikti
eksperimentai su alergisky Zmoniy kraujo serumais. Imunologinei analizei
meginiai suskirstyti i tris grupes: (i) 19 individualiy méginiy, teigiamy Can f 6
sIgE; (ii) teigiama grupé — 7 meéginiai, teigiami C. familiaris ekstraktui, bet
neigiami Can f 6 alergenui; (iii) neigiama grupé — 7 IgE neigiami meginiai.

Analizuojant bakterijose ir mielése susintetintus variantus, pirmiausia,
atliktas palyginamasis tyrimas tarp CEX ir AEX metodais i§gryninty rMBP-
Can f 6 baltymy. Netiesioginés IFA rezultatai parodé, jog CEX metodu isgry-
nintas rMBP-Can f 6 reik§mingai stipriau sgveikavo su sIgE nei rMBP-Can f 6,
isgrynintas AEX badu. Sis skirtumas rodo, jog lipokalinas Can f 6 galimai
patiria nuo pH-priklausomga struktirinj pokytj.

Literattroje nuo pH-priklausomi struktairiniai poky¢iai aprasyti analizuo-
jant ir kitus lipokalinus, tokius kaip nitroforinas (Roberts et al. 2001), asary
lipokalinas (Gasymov et al. 2010), plazmos retinolj suriSantis baltymas (New-
comer and Ong 2000; Calderone et al. 2003), membranos fermentas PagP
(Hwang et al. 2002) bei 3-laktoglobulinas (Fogolari et al. 2005). Nors lipokaliny
aminorugsciy sekos identiSkumas daznai neperzengia 20% ribos, juos sieja
keli labai konservatyvis struktairos motyvai. Lipokalinams btudinga tretiné
struktara yra sudaryta i§ aStuoniy antiparaleliniy S-klos¢iy, formuojanciy
[3-statine, ir vienos a-spiralés (Yamamoto et al. 2019; Flower et al. 2000). Si
vandeniliniais ry$iais stabilizuota [-statiné formuoja hidrofobine ertme, kuri
gali suristi mazas hidrofobines molekules, tokias kaip retinolis, steroidai, kva-
piosios medziagos ir feromonai (Hilger et al. 2012). Galvijy S-laktoglobulino
atveju, hidrofobiniy ligandy prisijungimas reguliuojamas griztamaisiais (-
statinés gale esanciy kilpy judesiais. Sios kilpos veikia, kaip ,dangtelis®, kon-
troliuojantis prieiga prie statinés ertmés. Manoma, kad $is ligandy prisi-
jungimo ir valdymo mechanizmas yra bendras visiems lipokalinams (Gasymov
et al. 2010; Fogolari et al. 2005).

Konformaciniai poky¢iai paaiskinty ir IFA rezultatuose matomus sIgE

saveikos skirtumus, kadangi eksponuojami skirtingi konformaciniai epitopai.
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Kita vertus, pH poky¢iai galéjo tiesiog denattiruoti baltyma, eksponuojant
alergeno linijinius epitopus (Y] Wang et al. 2017). Kita galimybé yra ta, kad
CEX gryninimui reikalingas teigiamas kravis skirtingai nei AEX naudojamos
neigiamos kravio salygos keicia baltymo konformacija ar stabiluma. Jony
mainy chromatografija yra laikoma auksiniu standartu apibadinant terap-
inius preparatus, kadangi skirtingy kraviy atskyrimo procesas gali netiesiogiai
parinkti baltymo izoformas su labiau eksponuotais arba nepazeistais IgE prisi-
jungimo epitopais (Fekete et al. 2015).

Tesiant visy rCan f 6 baltymy analize netiesioginés IFA metodu, galime
stebéti, jog visi susintetinti baltymai specifiskai sgveikauja su Can f 6 sIgE ir
nerodo kryzminés sgveikos su nespecifiniais IgE (Pav. 7).
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Pav. 7: rCan f 6 baltymy varianty imunoreaktyvumo analizé netiesioginéje IFA
sistemoje. CEX — rMBP-Can f 6, isgrynintas katijony mainy chromatografijos
budu, o AEX - anijony mainy chromatografijos budu. CCD yra glikozilinimo
markeris. [1-19] yra individualts C. familiaris alergija sergan¢iy zmoniy kraujo
plazmos méginiai, kurie yra teigiami Can f 6 alergenui; PP - teigiama grupe
(C. familiaris sIgE teigiama, bet Can f 6 sIgE neigiama, n = 7); PN - neigiama
grupé (n = 7). Ribineé reik§mé pazymeéta punktyrine linija.

Atliktos vienfaktorinés blokuoty duomeny dispersinés analizés rezultatai
parodé, jog tarp tirty baltymy matomi statistiskai reik§mingi skirtumai (¥'(4, 72)
= 29,8, p < 0,001). Kartu, glikozilinimo jtaka rezultatams buvo jvertinta su

CCD kontrole, tac¢iau nebuvo rasta reiksmingy skirtumuy.
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IFA rezultaty post hoc analizé atlikta su Tukio HSD testu identifikuojant
specifines baltymy poras su reik§mingais reaktyvumo skirtumais (Pav. 8).
Si analizé atlikta su nesugrupuotais duomenimis, isryskinant tik esminius
skirtumus tarp pory. Toks statistinis metodas pasirinktas, kadangi Bonferoni
analizé parodo, jog visos tirtos baltymy poros statistiskai reiksmingai skiriasi
viena nuo kitos, o Tukio HSD analizé su sugrupuotais duomenimis dél ypac
konservatyviy ANOVA prielaidy neranda nei vienos statistiskai reiksmingos
poros. Tad nors Tukio HSD taikymas nesugrupuotiems duomenims padidino
statistine galia, jis veiksmingai sumazino atsitiktinés variacijos jtaka ir nustaté
tik esminius skirtumus. Post hoc analizé parodé, jog AEX budy igrynintas
rMBP-Can f 6 statistiskai reikSmingai i§siskyré nuo E. coli susintetinty Can f 6
baltymy. Tarp likusiy pory nebuvo pastebéta statistiskai reiksmingy skirtumy,
o tai rodo, kad $iy grupiy reaktyvumo lygis yra panasus.

rMBP-Can f 6 (P. pastoris) CEX m rMBP-Can f 6 (E. coli)
m rMBP-Can f 6 (P. pastoris) AEX m rCan f 6 (E. coli)
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Pav. 8: Grafikas, vaizduojantis rCan f 6 baltymy varianty imunoreaktyvumo
pasiskirstyma. P. pastoris susintetintas rMBP-Can £ 6, iSgrynintas [1] CEX ir
[2] AEX budu; [3], P. pastoris susintetintas rCan f 6; [4], E. coli susintetintas
rMBP-Can f 6; [6], C. familiaris alergeny ekstraktas. Duomenys atspindi nor-
malizuotg IgE reaktyvuma su 19 individualiy C. familiaris alergija serganéiy
zmoniy kraujo plazmos méginiy, kurie yra teigiami Can f 6 alergenui. Reak-
tyvumas pateikiamas kaip normalizuotos OT vertes, o reik§mingi skirtumai
tarp baltymy pazymeéti zvaigzdutémis (xx = p < 0.01, * % = p < 0.001).

Sio tyrimo tikslas buvo jvertinti baltymo Can f 6 sinteze eukariotinéje
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rais$kos sistemoje, analizuojant jo gebéjima specifiskai atpazinti sIgE antikanus,
nesagveikauti su nespecifiniais IgE bei galimybes uztikrinti didelés iseigos
sinteze. rCan f 6 suliejimas su MBP abejose sistemose reik§mingai padidino
baltymo iSeiga, patvirtinant §j metoda kaip efektyviausiag rCan f 6 sintezes
strategija. MBP padidino produkcija 1,8 karto E. coli sistemoje (42 mg/l |
78 mg/1) ir 1,6 karto P. pastoris sistemoje (36 mg/1 i 57,5 mg/l, AEX).

Visy rekombinantiniy alergeny, sujungty ir nesujungty su MBP, palygi-
namoji analizé parode, kad tiek prokariotine, tiek eukariotiné raiskos sistema
yra tinkamos rekombinantinio Can f 6 sintezei. Visi baltymai specifiskai rea-
gavo su Can f 6 sIgE ir nerodé nespecifinio prisijungimo, patvirtinant esminiy
sIgE prisijungimo epitopy i$saugojima. Tai rodo jy tinkamumga imunologi-
niams tyrimams ir galimiems diagnostiniams taikymams. Vis délto, neatlikus
bazofily degranuliacijos tyrimy, reikalingi papildomi tyrimai alergeniniam
aktyvumui in vivo jvertinti.

I$skyrus rMBP-Can f 6, iSgrynintag AEX metodu, statistiskai reiksmingy
IgE reaktyvumo skirtumy tarp kity rekombinantiniy baltymy nenustatyta.
Glikozilinimas, daznai siejamas su kryzminiu reaktyvumu in vitro alergijos
diagnostikoje, neturéjo jtakos rekombinantiniy Can f 6 varianty IgE reaktyvu-
mui, todél eukariotiné raiskos sistema néra batina. Can f 6 galima efektyviai
gaminti E. coli sistemose.

Tyrimas parodé, kad skirtingos raiskos sistemos neturi reik§mingos jtakos
rCan f 6 sIgE prisijungimui, tad ir E. coli ir P. pastoris raiskos sistemos gali bati
naudojamos imunoreaktyviy Can f 6 baltymy sintezei. N-glikozilinimas néra
butinas Can f 6 struktarai ar jo saveikai su sIgE. Suliejimas su MBP baltymu yra
efektyvi rekombinantiniy alergeny sintezés strategija ir tinkama tolimesniems
tyrimams, kadangi MBP nesaveikauja su IgE. Atsizvelgiant j baltymo iSeiga
ir reaktyvumga su sIgE, E. coli pagamintas rMBP-Can f 6 yra perspektyvus
kandidatas didelio masto sintezei. Taciau jvertinus galima uZter$ima su bak-
teriniais endotoksinais, optimalia alternatyva laikytinas P. pastoris sintetintas
rMBP-Can f 6.

4. PichiaPink™ sistemos metodologijos validavimas

4.1 Alergeny raiskos vektoriy konstravimas

Nustacius 6xHis-MBP-alergeno konstrukcijy N-galine proteolize, buvo
sukurti pPink-aF-6xHis ir pPink-aF-6xHis-MBP-TEV standartizuoti pPink-HC
vektoriai, siekiant supaprastinti klonavimo eiga ir sistemiskai iStirti proteolizées

reiskinj kitose alergeny Seimose.
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4.2 Raiskos sistemos validavimas su paprastujy vapsvy nuody alergenu Ves
v

Sistemos validavimui pasirinktas paprastyjy vapsvy nuoduose aptinkamas
baltymas Ves v 5, kuris yra pagrindinis Hymenoptera alergijos diagnostinis
taikinys. Sio alergeno struktara yra stabilizuota disulfidiniais tilteliais, todél
rekombinantinei sintezei butina eukariotiné sistema. Bandymai susintetinti
baltyma E. coli sistemose buvo nesékmingi, gaunami inkliuziniai kaneliai, kuri-
uos bitina in vitro perlankstyti. Tuo tarpu eukariotinése sistemose gaunami
tinkamai susilankste variantai, artimi natyviam baltymui (Borodina et al. 2010;
Kischnick et al. 2006; Schiener et al. 2017). Ves v 5 sintezé P. pastoris sistemoje
jau buvo sékmingai istirta (Monsalve et al. 1999), taciau jo sintezé kartu su
MBP dar nebuvo nagrinéta. Dél struktariniy reikalavimy ir klinikinés svarbos
molekulinei diagnostikai bei alergeny imunoterapijai Ves v 5 yra tinkamas
ivertinti PichiaPink™ sistemos efektyvuma, ir galimg N-galo proteolize.

Siekiant palyginti gautus rekombinantinius Ves v 5 variantus, rVes v 5
buvo susintetinti ir E. coli sistemoje, nors, remiantis literatiros duomenimis,
$i sistema neéra tinkama $io baltymo sintezei. I$bandyti BI21(DE3) ir Rosetta
kamienai, taciau rVes v 5 buvo aptinkamas tik inkliuziniuose kaneliuose,
o rMBP-Ves v 5 buvo tirpus tik BI21(DE3) kamiene. Ni-NTA bei ZYMO
kolonélémis iSgryninti baltymai buvo dializuoti bei koncentruoti. Baltymy rVes
v 5 ir rMBP-Ves v 5 gautos, atitinkamai, 14 mg/1 ir 55 mg/1 iSeigos. Suliejimas
su 6xHis-MBP seka, padidino Ves v 5 baltymo iseiga 3,9 karto.

Rekombinantiniy Ves v 5 sintezei P. pastoris, 204-a.r. ilgio Ves v 5 baltyma
koduojanti seka jklonuota j sukonstruoty pPink-aF-6xHis ir pPink-aF-6xHis-
MBP-TEV vektoriy Smal ir Kpnl restrikcijos vietas. pPink-aF-6xHis-Ves v 5
ir pPink-aF-6xHis-MBP-TEV vektoriai patikrinti VU GMC BTI sekoskaitos
centre.

Po transformacijos j PichiaPink™ kamienus, bandomieji eksperimentai
parodé, jog po 48 val. indukcijos, didZiausia baltymy sintezé buvo matoma
K2 kamiene. Baltymy elektroforezé patvirtino sékmingg 24,3 kDa rVes v 5 ir
67,8 kDa rMBP-Ves v 5 sinteze; dvigubos juostos, stebimos gelio nuotraukose,
parodé glikozilinima, bidingg P. pastoris sistemai. Imunoblotas su mAk pries
6xHis inkarine seka parodé, jog E. coli-susintetinti rVes v 5 variantai abu
saveikavo, taciau P. pastoris-susintetinti baltymai reagavo skirtingai. Todél,
atitinkamai, rVes v 5 buvo grynintas taikant Ni-NTA chromatografija, o rMBP-
Ves v 5 buvo grynintas naudojant jony mainy chromatografija. Gryninimus su
AKTApurifier 100 sistema atliko Dr. Mindaugas Zaveckas. Iseigos, nustatytos
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Bradford metodu ir denzitometrine analize, reik§mingai skyrési: rVes v 5 -
36 mg/l, rMBP-Ves v 5 — 134,5 mg/1, t. y. 3,7 karto didesné iSeiga suliejus su MBP.
Palyginus rezultatus su randamais literataroje, suliejimas su MBP sékmingai
pralenkia ankstesnius rezultatus su E. coli, bakulovirusy-vabzdziy lasteliy ar
kity mieliy sistemomis (Suck et al. 2000; Monsalve et al. 1999; Henriksen et al.
2001).

Norint istirti 6xHis inkarinés sekos buvima, buvo atlikti imunoblotai su
mAKk pries 6xHis inkarine sekg ir pries MBP (Pav. 9). rMBP-Ves v 5 (Pav. 9 take-
lis 1) ir rMBP-Pen m 4 (Pav. 9 takelis 5) nebuvo aptinkami su mAk pries 6xHis
inkarine seka, tatiau abu baltymai reagavo su mAk prie§ MBP. Tai rodo, kad
PichiaPink™ sistemoje susintetintuose 6xHis-MBP-alergenas konstruktuose
pasikartoja N-galinés 6xHis Zymenj turincios srities praradimas, nepriklauso-
mai nuo alergeno Seimos. taip pat parodé neatitikimg tarp nustatyty ir teoriniy
MW: rVes v 5 maseé buvo 7 Da didesné uZ teorine, o rMBP-Ves v 5 — apie 2 kDa
mazesné. Nedidelj MW padidéjima galima sieti su nepilnu deglikozilinimu
ar disulfidiniy rysiy susidarymu, o rMBP-Ves v 5 MW sumazéjimas atitinka
N-galinés srities proteolitinj pasalinimg. Remiantis monoizotopiniy masiy
skai¢iavimais, galima skilimo vieta yra 6xHis jungties ir trombino atpaZinimo
motyvo regione.

Literataros duomenimis, aF-6xHis-baltymas konstruktai gali biti séekmin-
gai sintetinami jvairiuose P. pastoris kamienuose, jskaitant PichiaPink™ sis-
tema (Smith et al. 2023; Chronopoulou et al. 2023). Taciau yra duomeny ir
apie N-galinés srities proteolizinj apdorojima: tiriant aF-6xHis-GFP-baltymas
konstruktus, 6xHis inkariné seka nebuvo aptinkama, nors GFP signalas isliko
(Zheng et al. 2022).
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Pav. 9: Isgryninty P. pastoris susintetinty rVes v 5 varianty analizé NDS-PAA
gelyje ir imunoblote (pazyméta naudojamu mAk arba lektino pavadinimu).
Takeliai: [1], P. pastoris-susintetintas rMBP-Ves v 5; [2], P. pastoris-susintetintas
rVes v 5; [3], E. coli-susintetintas rMBP-Ves v 5; [4], E. coli-susintetintas rVes v 5;
[5], P. pastoris-susintetintas rMBP-Pen m 4; [6], E. coli-susintetintas rMBP-
Pen m 4; [7], E. coli-susintetintas MBP su 6xHis inkarine seka; [8] E. coli-
susintetintas rPen m 4. M - PageRuler™ Plus Prestained Protein Ladder
#26619. Baltymai atskirti 14% NDS-PAA geliuose.

Masy Ziniomis, P. pastoris atliekama N-galo proteolizé baltymuose, sulie-
tuose su MBP, anksc¢iau nebuvo dokumentuota. Tolimesniuose darbuose bus
tiriama, ar N-galo proteolize skatina trombino atpazinimo motyvas ir ar sekos
modifikacijos galéty iSsaugoti 6xHis inkarinés sekos integraluma.

Rekombinantiniy Ves v 5 alergeny antigeniSkumui istirti buvo atliekami
tyrimai su trimis grupémis alergisky zmoniy kraujo serumuy: (i) 14 individualiy
meéginiy, teigiamy Ves v 5 sIgE; (ii) teigiama grupé — 5 meéginiai, teigiami
Pen m 4 sIgE, bet neigiami Ves v 5 sIgE; (iii) neigiama grupé - 5 IgE neigiami
meéginiai.

Netiesioginés IFA rezultatai atskleidé reikSmingus skirtumus tarp P. pas-
torisir E. coli susintetinty rekombinantiniy Ves v 5 baltymy (Pav. 10). P. pastoris
susintetinti rVes v 5 parodé specifine saveika su sIgE ir kryzmiskai nereagavo
su kontrolinémis grupémis. E. coli susintetinti variantai — tiek iSgryninta
denaturuota forma, tiek perlankstyta — nespecifiskai reagavo su kontrolinémis
grupémis. Vienfaktoriné blokuoty duomeny analizé patvirtino, jog tarp tirty
baltymy varianty matomi statistiskai reik§mingi skirtumai (F'(4, 52) = 11, 17,
p < 0,001). Imunologiné analizé parodeé, jog galimai neteisingai susilankste
E. coli susintetinti Ves v 5 variantai gali sukelti klaidingai teigiama signalg,
kadangi keli serumai reagavo su E. coli variantais, ta¢iau nereagavo su tinkamai
susilanksciusiais P. pastoris variantais. Nors $is skirtumas galéty biti salygotas
sIgE koncentracijos, IFA naudoty serumy analizé parodé, jog panasias ALEX
vertes turintys serumai demonstravo skirtingus prisijungimo profilius, todeél

stebimas reaktyvumas turéty bati priklausomas nuo sintezés sistemos.
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Pav. 10: rVes v 5 baltymy varianty imunoreaktyvumo analizé netiesioginéje
IFA sistemoje. [1-14] yra individualas V. vulgaris alergija sergan¢iy Zmoniy
kraujo plazmos méginiai, kurie yra teigiami Ves v 5 alergenui; PP - teigiama
grupé (V. vulgaris ir Ves v 5 sIgE teigiama, n = 5); PN — neigiama grupé (n
= 7). MBP naudojamas kaip neigiama kontrolé. Ribiné reik§meé pazymeéta
punktyrine linijja.

Poriniai palyginimai su Bonferroni korekcija patvirtino, jog P. pastoris
susintetinti rVes v 5 ir rMBP-Ves v 5 reik§mingai issiskyré tarp visy varianty
(Pav. 11). rMBP-Ves v 5 antigeniskuma papildomai patvirtino inhibicinis
tyrimas, atliktas Laimio Silimavi¢iaus: 0,05 mg P. pastoris susintetinto rMBP-
Ves v 5 slopino Ves v 5 sIgE prisijungima 92%. Apibendrinus IFA rezultatus
bei pasiektas iSeigas, P. pastoris susintetintas rMBP-Ves v 5 yra optimalus

pasirinkimas paprastyjy vapsvy alergijy diagnostikai.
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Pav. 11: Grafikas, vaizduojantis rVes v 5 baltymy varianty imunoreaktyvumo
pasiskirstyma. Takeliai: [1], P. pastoris-susintetintas rMBP-Ves v 5; [2], P. pas-
toris-susintetintas rVes v 5; [3], E. coli-susintetintas rMBP-Ves v 5; [4], E. coli-
susintetintas rVes v 5, denatiiruota forma; [4], E. coli-susintetintas rVes v 5,
renattruota forma;[6], MBP. Duomenys atspindi normalizuotg IgE reaktyvuma
su 14 individualiy V. vulgaris alergija serganc¢iy zmoniy kraujo plazmos
meéginiy, kurie yra teigiami Ves v 5 alergenui. Reaktyvumas pateikiamas
kaip normalizuotos OT vertes, o reiksmingi skirtumai tarp baltymy paZymeéti
zvaigzdutémis (x = p < 0.05).

Idomu tai, kad bandymai su kitais V. vulgaris alergenais (Ves v 1 - fosfoli-
pazé Al, Ves v 2 — hialuronidaze, Ves v 3 — j dipeptidilpeptidaze IV panasi serino
proteazé) nebuvo sékmingi nei su MBP, nei be jo, nepaisant intensyvios opti-
mizacijos. Tai rodo, jog sukurta metodika yra labiau tinkama maziems, maziau
glikozilintiems baltymams, bet netinka katalitiskai aktyviems, stipriai glikozil-
intiems fermentams, kurie gali sukelti ER stresa, netaisyklinga lankstymasi ar
toksiskumga Seimininkui. Sie rezultatai parodo, jog rekombinantiniy alergeny
sintezé P. pastoris sistemoje turi bati empiriskai istirta, nes ji priklauso nuo
baltymo struktiros, potransliaciniy modifikacijy poreikiy ir suderinamumo

su mieliy sekrecine sistema.
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ISVADOS

1. P. pastorisir E. coli raiskos sistemose susintetinti rekombinantiniai Pen m
4ir Can f 6 alergenai yra antigeniskai panasus j naturalius alergenus, nes
reaguoja su jiems specifiniais IgE klasés antikiinais. Rekombinantinio
Ves v 5 sintezei tinkama tik P. pastoris raiskos sistema.

2. N-glikozilinimas néra butinas Pen m 4 ir Can f 6 alergeny sgveikai su
alergenams specifiniais IgE klasés antikunais, tac¢iau potransliacinés
modifikacijos yra bitinos Ves v 5 alergenui.

3. Suliejimo su maltoze-suri$an¢iu baltymu (MBP) strategija padidino
baltymy iSeigas tirtose raiskos sistemose, nedarant jtakos sgveikai su IgE
klasés antik@inais, patvirtinant MBP kaip naudingg jrankj rekombinantiniy
alergeny sintezéje.

4. P. pastoris susintetintuose MBP-alergenas baltymy konstruktuose ste-
bimas proteolitinis skilimas uz MBP domeno patvirtina ankstesnius
duomenis apie su MBP susijusj proteolitinj aktyvuma, veikiantj C-
galinéje MBP domeno puséje esancias sritis.

5. P. pastoris susintetintuose MBP-alergenas baltymy konstruktuose nus-
tatytas anksCiau neapraSytas N-galinés srities proteolitinis skilimas,
lemiantis 6xHis Zymenj turindios srities praradimg ir ribojantis tokiy

konstrukty taikyma PichiaPink™ sistemoje.

6. P. pastoris susintetintas Pen m 4 formuoja nejprastai stabilius dimerus,
atsparius cheminiam ir terminiam poveikui, o tai gali bati susije su
glikozilinimo jtaka baltymo konformacijai ir turéti potencialig diagnostinj

reikSme.

7. EDTA, kalcio chelatorius, sumazino Pen m 4 alergeno reaktyvuma, tai
rodo kalcio jony svarbg IgE atpazinimui ir pabrézia batinybe diagnostini-

uose tyrimuose standartizuoti méginiy paruosimo ir laikymo salygas.

8. Nustatyta, kad E. coli susintetinti Pen m 4 ir Can f 6 alergenai liofilizacijos
metu degraduoja, tai galimai paaiskina jy nestabilumg komerciniuose

ekstraktuose ir pabrézia laikymo salygy svarba.

202



PUBLICATION LIST

Thesis relevant publications:

1. Rainyte J., Zvirblis G., Zaveckas M., Kucinskaite-Kodze I, Silimavicius
L., and Petraityte-Burneikiene R. Immunological comparison of recombinant
shrimp allergen Pen m 4, produced in Pichia pastoris and Escherichia coli.
FJournal of Biotechnology 2023;369:1-13. doi:10.1016/j.jbiotec.2023.05.002

2. Dvareckiene J., Zvirblis G., Zaveckas M., and Petraityte-Burneikiene R.
Enhancing production and assessing IgE reactivity of dog allergen Can f 6 in
Pichia pastoris and Escherichia coli. Applied Microbiology and Biotechnology
2025;109(78):2-16. d0i:10.1007/s00253-025-13465-7

Thesis irrelevant publications:

1. Statkeviciaté R., Sadauskas M., Rainyté J., Kavaliauskaité K., and Meskys R.
Comparative Analysis of Mesophilic YqfB-Type Amidohydrolases. Biomolecules
2022;12(10):1492. d0i:10.3390/biom12101492

203



CONFERENCES

1. International conference FEBS3+. Poster presentation Pichia pastoris
expression and purification of Canis familliaris allergen Can f 6. 06 17-19,
2019. Riga, Latvia

2. International conference The COINS. Poster presentation Canis famil-
iaris allergen Can f 6 and Penaeus monodon allergen Pen m 4: expression,
purification and analysis. 02 26-28, 2020. Vilnius, Lithuania

3. Conference Microbiology 2022. Poster presentation Yellow jacket major
venom allergen Ves v 5 immunological characterization. 04 28-29, 2022.

Birstonas, Lithuania

4. International conference FEBS3+. Oral presentation Immunological com-
parison of recombinant shrimp allergen Pen m 4, produced in Pichia pastoris
and Escherichia coli. 06 15-17, 2022. Tallinn, Estonia

204



CURRICULUM VITAE

Name, Surname
Work address

Email address

Education
2012-2016
2016—2018
2018-2022

Experience
2016-2017
2018-2022
2018-2023
2020-2021
2023-2024

2020—present
2025—present

Society fellow
2018—present

Outreach
2015
2017

2018-2025

2021
2022

Service
2020-2021

Juta Dvareckiené (Rainyté)
Vilnius University, Life Sciences Center, Institute of

Biotechnology, Eukaryote Gene Engineering Department

(VU LSC IBT EGED), Saulétekio al. 7, Vilnius
juta.rainyte@bti.vu.lt

VU, B.Sc. in Molecular Biology
VU, M.Sc. in Molecular Biology, Magna Cum Laude
Chemical engineering doctoral studies, VU LSC IBT EGED

VU LSC IBT EGED - Laboratory Technician

VU LSC IBT EGED - Specialist

VU LSC IBT EGED - Biologist Researcher

Baltymas Ltd. — Bioengineer

VU LSC Institue of Biosciences — Junior Teaching Assis-
tant

VU LSC - Junior Researcher

VU LSC IBT EGED - Biologist Researcher

Member, Lithuanian Biochemical Society

Protein electrophoresis lab, Kaunas Fortress VII Fort.
Joint protein electrophoresis lab (Kaunas Fortress VII Fort
+ Lithuanian Biology Teachers Association).

European Biotechnology Week (annual): conducting lab-
oratory work

Student lecture (COINS “Who needs it?”)

Popular-science article on delfi.lt

Representative of PhD students at IBT

205



PADEKA

Déliojant paskutinius taskus disertacijos lapuose, a§ noriu isreiksti didzi-
ausig padéka savo vadovei dr. Rasai Petraitytei-Burneikienei. Pirmus mano
Zingsnius laboratorijoje lydéjo Jasy ranka, pirmiausia, nuvedusi pas dr. Justa
Lazutka, kuris iSmoké visy mokslo subtilybiy bakalauro ir magistro laipsniy
siekiant. Ir, galiausiai, atvedusi j doktorantiros erg, kurioje iSmokau stovéti ant
savo kojy kaip mokslininké. Tikrai, nuosirdziai Jums dékoju uz Jasy kantrybe,
atviruma, neissenkancius patarimus ir galimybe atlikti visus mokslinius darbus
EGIS skyriuje.

Mokslinis darbas negali buti atliktas tik vieno Zmogaus — patarimai, mok-
slinés diskusijos, patirties perdavimas, palaikymas ir pagalba darbuose —
kiekvienas mokslinis etapas yra lydimas kity mokslininky. Todél noriu, pir-
miausia, padékoti savo esamiems ir buvusiems laboratorijos kolegoms: Justui
Lazutkai, Alionai Avizinienei, Pauliui Lukui TamoS$itnui, Artnei Verbickaitei
ir Laimai Cepulytei. A¢ia skiriu ir studentams, ypa¢ Ievai Lingytei uz vert-
inga vadovavimo patirtj. Taip pat dékoju visam EGIS kolektyvui: Mindaugui
Zaveckui, Danguolei Ziogienei, Mildai Norkienei, Fimantui Zitkui, Evaldui Ci-
pliui, Editai Bak@naitei ir visiems kitiems EGIS kolegoms. Atskira padéka skiriu
buvusiam EGIS vadovui - dr. Gintautui Zvirbliui uZ prijungima j alergeny
projekta, kuris atvéré man kelig j $ig ilgai svajota tematika.

Dékoju Laimiui Silimaviéiui ir Imunodiagnostikai uz galimybe mokytis
dirbti su mikrogardeliy sistemomis. Taip pat dékoju ILBS kolektyvui uz ben-
dradarbiavima, JGsy nuostabiy antikany pasidalinima.

Acit draugams uz nuolatinj palaikyma ir galimybe issilieti del visy vargy
ir dziaugsmy. Jasy buvimas $alia yra dovana.

Ir, svarbiausias acit yra Seimai. Acid, kad palaikéte, kad tikéjote, kad
ripinotés. Acia uz supratinguma, kad mokslininko gyvenimas yra keistas
ir jdomus. Doktorantiros nejsivaizduoju ir be savo antros pusés, Danieli-
aus, kuris buvo ir yra mano ramstis ir uzuovéja. Acia, kad mane jau nuo
bakalauro veZioji naktimis j laboratorija, nes reikia uzséti ar indukuoti mieles;
aciq, kad niekad nepykai, kad visus savaitgalius praleisdavau darbe; acia, kad
ramindavai ir guosdavai mane visais sunkiais etapais. Aciq, meile, uz visg
palaikyma.

FJuasu visy deka galesiu uzbaigti Sig erq ir keliauti toliau. Aciu.
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