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Abstract

Approximately 10–24% of people suffer from a cat allergy. Fel d 1, the major allergen,
triggers reactions in approximately 94% of sensitized individuals. Current therapeutic
strategies for allergic diseases primarily involve medication or immunotherapy to alleviate
symptoms, which are often burdened by low efficacy, high cost, and extended duration,
posing significant challenges for patients. In contrast, IgY antibodies offer a promising
alternative by reducing the level of allergens produced by cats. In this study, T-cell epitopes
of Fel d 1 were predicted using ProPred/CTLpred, connected via a suitable linker (GGGGS),
and expressed in E. coli. Immunization of mice and hens with recombinant cFel d 1 yielded
high-titer specific antibodies (IgG: 1:301,500; IgY: 1:4,194,304). Cats administered anti-cFel
d 1 IgY-enriched yolk powder (1–3% of diet) for four weeks exhibited a 30–71% reduction
in salivary Fel d 1. These findings indicate that the allergen epitope-targeted IgY strategy
effectively reduces allergen levels in cats, providing a promising basis for preventing and
treating allergic conditions.

Keywords: allergy; feline allergen; cFel d 1; IgY antibody; recombinant expression

1. Introduction
Cat allergens represent the third most prevalent category of inhalation allergens af-

fecting humans [1]. The global prevalence of allergy to cats is approximately 24% in
children and 15% in adults, with recent studies suggesting an increased trend [2,3]. The
World Health Organization (WHO) and the International Union of Immunological Societies
(IUIS) have identified eight cat allergens responsible for respiratory allergies in humans.
Among these, Fel d 1 is the immunodominant allergen, responsible for triggering allergic
reactions in 93% of sensitized individuals [2]. Serological analyses reveal that 60–90% of
immunoglobulin E (IgE) antibodies in allergic patients specifically target Fel d 1 [4]. This
secretory protein, which belongs to the globin family, is produced principally in the sublin-
gual and sebaceous glands, with additional production occurring in the anal and lacrimal
glands [4]. Fel d 1 binds to microscopic dander particles, which facilitates their environ-
mental dispersion and subsequent human exposure, presenting a significant public health
concern [5,6]. However, current therapeutic interventions for human allergies to cats (such
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as pharmacotherapy, immunotherapy, etc.) continue to be limited by insufficient efficacy
and safety concerns [7–10]. In contrast, interventions targeting the animal source—such as
reducing the active allergen secreted in cats—provide a direct and complementary strategy.

Immunoglobulin Y (IgY) represents the predominant antibody class produced in avian,
reptilian, and amphibian species. It is transferred in large quantities to the egg yolk, confer-
ring passive immunity to the developing embryo. IgY antibodies can be easily harvested
from the yolk and serve as an ideal alternative to mammalian IgG antibodies [11]. Notably,
IgY demonstrates remarkable biochemical stability, maintaining functionality across a
broad pH range (3.5–11.0) and temperature spectrum (30–70 ◦C). Therapeutic applications
of IgY have been well-documented against diverse pathogens and toxins [12,13], including
snake venom, norovirus, Taenia solium, and pathogenic Escherichia coli strains [14–17]. For
cat allergen management, rabbit polyclonal antibodies and chicken IgY antibodies specific
to Fel d 1 have been demonstrated to effectively bind to the allergen in cat saliva. This
interaction may reduce the concentration of native Fel d 1 at its source, thereby lowering
exposure levels for allergic individuals. Subsequent research confirmed that specific IgY
against natural Fel d 1 protein significantly decreased allergen concentrations by 47% in
cats after a 10-week period [18]. Importantly, comprehensive safety evaluations revealed
no mutagenic effects (7 to 66 ppm concentrations) in Salmonella typhimurium and E. coli
tests, nor any observable chromosomal aberration or toxicological consequences following
six-month dietary supplementation in cats [19,20]. These findings collectively establish IgY
as both a safe and effective treatment for managing allergies caused by Fel d 1. However,
the use of natural allergens for the systematic production of specific, high-affinity IgY
remains a significant challenge.

In this study, we used bioinformatics approaches to predict and characterize T-cell
epitopes of the major feline allergen Fel d 1. To optimize immunogenicity and structural
stability, we engineered a chimeric protein (cFel d 1) by conjugating dominant epitopes
with a flexible linker (GGGGS). The recombinant cFel d 1 was successfully expressed in
E. coli expression systems. Subsequent immunization protocols in mice and layer hens
generated high-affinity IgG (mice) and IgY (layer hens) antibodies specific to cFel d 1. The
effect of IgY antibodies was then evaluated through a feeding trial, where cats received the
different contents of anti-cFel d 1 IgY-enriched egg yolk powder.

2. Results
2.1. High Sequence Similarity of Fel d 1 Protein Among Felidae Species

There was a high sequence conservation for Fel d 1 among Felidae species. Specifically,
Fel d 1 chain v exhibited the highest similarity (91%) with major allergen I polypep-
tide chain 1 (XP_058563703.1) from Puma yagouaroundi and Lynx rufus (XP_046934163.1).
Additionally, it showed approximately 90% identity with homologs from Neofelis neb-
ulosa (XP_058563703.1), Prionailurus bengalensis (XP_043454992.1), and Panthera onca
(XP_060508755.1) (Figure S1). For Fel d 1 chain 2, the highest homology (90%) was ob-
served with Prionailurus bengalensis (XP_043454990.1), followed by Leopardus geoffroyi (89%;
XP_045298454.1). Lower, but still significant, similarity was detected with Panthera uncia
(88%; XP_049477030.1) and Panthera tigris (87%; XP_007096807.1) (Figure S2).

2.2. Structural Characterization of Fel d 1 Protein

Secondary structure analysis revealed distinct conformational differences between
Fel d 1 chain 1 and chain 2. Chain 1 predominantly comprises an α-helix conformation
(74%), with minor contributions from β-sheet (6%), β-turn (1%), and random coil (19%)
(Figure S3). In contrast, chain 2 exhibits a more balanced distribution, with 58% α-helices,
14% β-sheets, 4% β-turns, and 24% random coils (Figure S4). Tertiary structure model
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demonstrated that the N-terminal region of Fel d 1 is dominated by α-helices, while the
C-terminus adopts a random coil configuration (Figure S5).

Homology modeling via Swiss-Model confirmed that Fel d 1 forms a tetrameric
glycoprotein composed of two heterodimers (Figure S5). The high global model quality
estimation (GMQE) score of 0.81 indicates excellent reliability in both overall folding and
local structural accuracy. Structural alignment with experimentally resolved PDB entries
revealed strong similarity, particularly in the α-helix and random coil regions (Figure 1A).
Local quality assessment further supported model robustness, with most regions scoring
above 0.6—a threshold for structural reliability (Figure 1B). Ramachandran plot analysis
provided additional validation, with 98% of residues occupying energetically favorable
(φ, ψ) angles (Figure 1C). Notably, β-sheets clustered in the upper left quadrant, while
α-helices populated both upper right and lower left regions. The dense distribution of
points within the dark green (optimal) zone—representing >90% of residues—confirms the
structural stability of Fel d 1 [21,22].

Figure 1. Structural analysis of Fel d 1 and its chimeric cFel d 1 protein based on epitopes.
(A) Comparison of PDB database structure models of Fel d 1 protein. The x-axis represents the
length of the protein structure and the y-axis represents th protein feature scores. Each point in the
diagram represents a structure in the PDB database. The red star represents the prediction model,
and the dark region represents the structure in which the absolute value of the Z-score is less than
1, which is equivalent to the data within the standard deviation of statistical normal distribution.
(B) The local quality estimation of the prediction model of Fel d 1 protein with the yellow and blue
lines representing chains 1 and 2, respectively. An area of >0.6 indicates high reliability. (C) Raman
diagram of Fel d 1 protein. The dark green region indicates the optimal region of amino acids (φ, ψ).
(D) 3D structure of chimeric cFel d 1 protein based on epitopes. Swiss-Model homologous modeling
of cFel d 1 was constructed with the p30440.1.a major allergen I polypeptide chain 2 as the template.
The score of GMQE is 0.41. (E) Raman diagram of chimeric cFel d 1 protein based on epitopes.

2.3. Prediction and Assembly of Dominant Epitopes in Fel d 1 Protein

Immunoinformatic analysis was performed to identify key immunogenic epitopes of
Fel d 1. Using the ProPred program, we predicted three prominent Th epitopes: VVLE-
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NARIL (positions 33–41), VKMAETCPI (positions 71–79), and FAVANGNEL (positions
85–93), all located in irregular coil and turn regions (Table 1 and Figures S6–S10). CTL epi-
tope prediction using IEDB (https://nextgen-tools.iedb.org/ (accessed on 2 March 2023))
or CTLpred workplace (http://crdd.osdd.net/raghava/ctlpred/ (accessed on 2 March
2023)) with an ANN threshold of 0.51 identified three dominant epitopes: AETCPIFYD
(positions 74–82), YTSPLCVKM (positions 65–73), and GEAVQNTVE (positions 145–153),
which were similarly localized to the coil and turn regions (Table 1 and Figures S6–S10).

Table 1. Th and CTL epitope prediction of Fel d 1 protein.

Type Segment Position Sequence Score

Th epitopes
DRB1-0101 33–41 VVLENARIL 2.29

71–79 VKMAETCPI 1.00
85–93 FAVANGNEL 0.80

DRB1–0102 33–41 VVLENARIL 3.29
71–79 VKMAETCPI 2.00
85–93 FAVANGNEL 0.80

DRB1–0301 71–78 VKMAETCP 0.50
79–87 IFYDVFFAV 4.37

93–101 LLLDLSLTK 4.20
132–140 LVMTTISSS 3.90

CTL epitopes
74–82 AETCPIFYD 1.00
65–73 YTSPLCVKM 0.98

145–153 GEAVQNTVE 0.98

Structural analysis revealed that while several regions (16–24, 26–30, 48–58, 64–67,
103–117, 138–140, and 151–158) exhibited high surface accessibility, these areas contained
relatively few predicted epitopes (Figure S8). Notably, the CTL epitope GEAVQNTVE
(145–153) was located in a hydrophilic region, while other epitopes showed poor hy-
drophilicity (Figure S9). Importantly, epitopes YTSPLCVKM (65–73) and GEAVQNTVE
(145–153) were situated in highly flexible regions (Figure S10).

Based on these findings, we engineered a chimeric cFel d 1 protein by linking key
epitope-containing regions (25–41, 46–59, 85–98, 132–140, and 145–153) with flexible
GGGGS linkers. Structural characterization revealed the chimeric cFel d 1 protein con-
tained 32% α-helices, 29% β-sheets, 18% β-turns, and 21% random coils (Figure S11).
The tertiary structure maintained these secondary structure elements (Figure 1D), and
Ramachandran plot analysis confirmed structural stability with 98% of residues in favored
regions (Figure 1E).

2.4. Recombinant Expression and Purification of Chimeric cFel d 1 Protein

The chimeric cFel d 1 gene (254 bp) was chemically synthesized with flanking
Xho I/Nco I restriction sites and an N-terminal 6×His tag sequence (Figure 2A). The
gene fragment was subsequently cloned into the pET-28a expression vector, and re-
combinant plasmid construction was verified by both PCR amplification and DNA
sequencing (Figure S12).
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Figure 2. Recombinant chimeric cFel d 1 protein. (A) Construction of recombinant pET-28a-cFel d
1 plasmid. (B) Tris-tricine sodium dodecyl-sulfate polyacrylamide gel electrophoresis (Tris-Tricine-
SDS-PAGE) electrophoresis of recombinant cFel d 1 protein. Lane M: protein marker; lane 1: protein
expression without IPTG induction; lane 2: protein expression induced by IPTG; lane 3: cell pre-
cipitation after sonication; lane 4: supernatant after sonication. (C) Purification of cFel d 1 protein.
Lane M: protein marker; lane 1: flow through the liquid; lane 2, 3: 50 mM imidazole; lane 4: 100 mM
imidazole; lane 5, 6: 500 mM imidazole. (D) MALDI-TOF MS analysis of the purified cFel d 1 protein.

For protein expression, recombinant E. coli BL21 (DE3) harboring the pET-28a-cFel
d 1 plasmid was induced with 0.4 mM isopropyl-β-D-thiogalactoside (IPTG) at 30 ◦C for
4 h. Following large-scale culture (5 L), bacterial cells were harvested by centrifugation
(10,000 rpm, 15 min, 4 ◦C) and lysed via sonication. The soluble fraction of the cell
lysate was then subjected to immobilized metal affinity chromatography (IMAC) using
Ni2+-NTA resin. The purification protocol involved stepwise elution with increasing
imidazole concentrations (20–250 mM). The cFel d 1 protein was predominantly expressed
in the soluble fraction and efficiently eluted at 100 mM imidazole (Figure 2B). SDS-PAGE
analysis and MALDI-TOF MS confirmed the molecular mass of the purified cFel d 1 protein
to be approximately 9 kDa, consistent with the predicted size including the 6×His tag, with
a purity of 95% (Figure 2C,D).

2.5. Specific Anti-cFel d 1 IgG and IgY Antibody Responses

Both mice and laying hens were immunized to evaluate the immunogenicity of the
recombinant cFel d 1 protein (Figure 3A,B). Serum samples collected after three immuniza-
tions with recombinant cFel d 1 showed robust IgG responses in mice, with titer ranging
from 1:34,500 to 1:301,500 (Figure 3C). In laying hens, the anti-cFel d 1 IgY response exhib-
ited a classic immunization profile, reaching a peak titer of 1:4,194,304 at week 9 (Figure 3D).
Subsequently, antibody levels stabilized at 1:524,288 between weeks 11 and 14, and then
gradually declined.
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Figure 3. Preparation of anti-cFel d 1 antibody and its titer determination. (A) Immunization of
mice. Mice were immunized with cFel d 1 protein at different time points, and their serum was
taken one week after the last immunization. (B) Immunization of laying hens. Laying hens were
immunized with cFel d 1 protein at different time points, and eggs were taken every week after the
first immunization to detect the titer of specific IgY antibodies. (C) Titers of specific IgG antibodies.
Black lines indicate the normal distribution curves. (D) Titers of specific IgY antibodies. The asterisk
(*) indicates the multiplication sign (×).

As shown in Figure S13, anti-cFel d 1 IgY antibodies exhibited high-affinity binding to
both recombinant cFel d 1 protein and native salivary Fel d 1. In contrast, control IgY from
adjuvant-immunized hens showed no detectable reactivity to either antigen form. These
results confirm that immunization with recombinant cFel d 1 elicits a robust and specific
IgY antibody response in hens.

2.6. Anti-cFel d 1 IgY Effectively Reduced Salivary Fel d 1 Levels in Cats

To evaluate the efficacy of anti-cFel d 1 IgY in allergen reduction, cats received diets
supplemented with 1–3% egg yolk powder containing specific IgY antibodies (Figure 4A).

https://doi.org/10.3390/ijms27052500

https://doi.org/10.3390/ijms27052500


Int. J. Mol. Sci. 2026, 27, 2500 7 of 15

Figure 4. Efficacy of anti-cFel d 1 IgY antibodies in cats. (A) Cat feeding experiment. Twenty-three
healthy cats were divided into four groups, five or six in each treatment group, fed with 1%, 1.5%,
2% and 3% of egg yolk powder containing anti-cFel d 1 IgY antibodies. (B) Mean average daily feed
intakes ± standard deviation (SD) of cats in each treatment group. (C) The body weights of the cats
in each treatment group throughout the study are expressed as mean ± SD. (D) Changes in salivary
Fel d 1 levels in cats. The average concentration changes in salivary Fel d 1 in cats were detected
before and after feeding with 1%, 1.5%, 2%, and 3% anti-cFel d 1 IgY. (E) Decrease in the salivary Fel
d 1 levels in cats following dietary supplementation with 1%, 1.5%, 2%, and 3% anti-cFel d 1 IgY.
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Throughout the 4-week study period, we systematically monitored several
parameters—daily feed intake, weekly body weight change, and weekly collection of
saliva samples—for Fel d 1 quantification using an indirect enzyme-linked immunosorbent
assay (Ielisa). The average daily feed intake of cats fed with egg yolk powder containing
anti-cFel d 1 IgY at concentrations of 1%, 1.5%, 2%, and 3% was 53.9 g, 61 g, 62.7 g, and
68 g, respectively (Figure 4B). The feed intake showed an increasing trend with higher
levels of egg yolk powder/anti-cFel d 1 IgY in the diet, although no statistically significant
differences were observed. The dietary supplementation of egg yolk powder containing
anti-cFel d 1 IgY did not significantly affect the body weight of the cats during the feeding
period (Figure 4C). Additionally, supplementation with anti-cFel d 1 IgY egg yolk powder
significantly reduced salivary Fel d 1: 30% (1%, p < 0.01 **), 71% (1.5%, p < 0.05 *), 50% (2%,
p < 0.05 *), and 64% (3%, p < 0.05 *) reduction, with the 1.5% dose being the most effective.
No significant differences were observed among the 1.5–3% groups (Figure 4D,E).

3. Discussion
Feline allergens represent one of the most prevalent indoor aeroallergens globally,

posing significant public health challenges. These allergens predominantly trigger rapid
IgE-mediated type I hypersensitivity reactions, characterized by an accelerated immuno-
logical cascade [23]. Upon antigen recognition, this mechanism can provoke exaggerated
secondary inflammatory responses, potentially leading to severe clinical symptoms includ-
ing bronchoconstriction, acute airway obstruction, and even life-threatening anaphylaxis.
Current management strategies, including drug therapy and conventional vaccination ap-
proaches, primarily focus on human patients, but these often result in prolonged treatment
periods [7,8]. Few studies have explored interventions directed at the animal source, such
as reducing the secretion of active allergen by cats [22,24].

The major feline allergen, Fel d 1, is a tetrameric glycoprotein with a molecular mass
of 35–39 kDa, comprising two non-covalently associated heterodimers. Each heterodimer
contains two distinct polypeptide chains: a shorter chain of 70 residues and a longer chain
with variable length (85, 90 or 92 residues), which are covalently linked through multiple
disulfide bonds [25]. Structural analyses have revealed that Fel d 1 shares significant
sequence homology (25–50%) with several evolutionarily conserved proteins, including
rabbit uteroglobin, the α subunit of mouse salivary androgen-binding protein (ABP),
slow loris brachial gland secretion protein, and Clara cell 10 kDa protein family [26–28].
Chain 1 showed >90% sequence identity to uteroglobin and major allergen I polypeptide
chain 1 from multiple felid species (Puma yagouaroundi, Lynx rufus, Neofelis nebulosa, Prionail-
urus bengalensis, and Panthera onca) (Figure S1). Notably, chain 2 contains an N-glycosylation
site and exhibits >85% similarity to corresponding chains from Prionailurus bengalensis,
Leopardus geoffroyi, and Panthera uncia (Figure S2). This evolutionary conservation across
mammalian species suggests that these structurally related proteins may serve critical
biological functions. Indeed, previous research has shown roles for Fel d 1 in epithelial
barrier maintenance, immunomodulation, and chemical signaling [3,29,30].

The production of recombinant full-length Fel d 1 may be hindered by technical chal-
lenges (e.g., protein misfolding, low expression, and incorrect disulfide bond formation) which
diminish its immunogenic potential [21,31,32]. Structural analyses revealed that recombi-
nant protein in E. coli exhibits marked conformational differences and approximately 25-fold
lower IgE-binding capacity compared to the native protein, likely due to disrupted disulfide
bonds (Cys3–Cys73, Cys44–Cys48, and Cys7–Cys70) and impaired chain association [33].
Enhanced immunogenicity was achieved through a multi-epitope design featuring:
(1) incorporation of immunodominant CTL epitopes (VKMAETCPI71–79, YTSPLCVKM65–
73, AETCPIFYD74–82) within random coil and turn regions (Figures S6–S10), (2) preserved
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native conformational epitopes, and (3) optimized Th1/Th2 determinant presentation. This
design particularly boosted IgY production (Figure 3), suggesting passive immunotherapy
potential. These results indicate that our multi-epitope approach effectively overcomes
the limitations of full-length recombinant protein production while preserving a robust
immunological response.

T-cell epitopes predominantly consist of continuous linear sequences that can be
located throughout antigenic proteins, often corresponding to structurally buried regions
in their native three-dimensional conformations [34,35]. Following internalization and
proteolytic processing by antigen-presenting cells (APCs), these epitopes become exposed
and subsequently loaded onto either MHC class II (for CD4+ T cell recognition) or MHC
class I (for CD8+ T cell activation) molecules, ultimately being presented on the APC
surface. Specifically, Th epitopes form stable complexes with MHC-II molecules that are
recognized by CD4+ T cell receptors, while CTL epitopes associate with MHC-I molecules
for CD8+ T cell engagement. Structural analyses by Kaiser et al. [22] identified three
immunodominant IgE-binding regions in Fel d 1 (residues 25–38, 46–59, and 15–28), with
the 25–38 epitope demonstrating particularly high seroreactivity (46%) in humans. Our
antigenicity predictions further identified additional immunogenic sequences: the Th
epitope VKMAETCPI71–79 and CTL epitopes YTSPLCVKM65–73, AETCPIFYD74–82,
and GEAVQNTVE145–153 (Table 1). Notably, all predicated epitopes were positioned
within random coil and turn regions (Figures S6–S10), a structural feature that likely
enhances antigenic potential by facilitating proteolytic processing and MHC binding. These
predictions were consistent with both the ProPred and CTLpred algorithms (Table 1),
further validating the epitope selection strategy.

In multi-epitope vaccine design, the choice of linker is crucial, as it must maintain
epitope independence and prevent novel junctional epitopes [36,37]. Optimal linkers not
only facilitate proteolytic processing for antigen presentation but also preserve the native
conformation of individual epitopes. Velders et al. [38] demonstrated that the “AAY” linker
significantly enhances epitope cleavage efficiency as a protease recognition site, while the
Livingston et al. [39] group showed that the “GPGPG” linker effectively isolates epitopes
without interfering with their immunogenic presentation. Shi et al. [40] confirmed that the
“AAA” linker can potentiate CTL epitope responses in HBV vaccines. In this study, we
employed four flexible linkers (GGGGS) to connect five immunodominant Fel d 1 epitopes
(VAQYKALPVVLENARIL25–41, DAKMTEEDKENALS46–59, FAVANGNELLLDLS85–98,
LVMTTISSS132–140, and GEAVQNTVE145–153), generating a 9 kDa chimeric cFel d 1 protein
(Figure 2A) with exceptional antigen specificity confirmed by Western blot (WB) analysis
(Figure S13). Most notably, supplementing cat diets with 1.5–3% anti-Fel d 1 IgY-enriched
egg yolk powder for four weeks reduced salivary Fel d 1 levels by 50–71% (Figure 4E),
superior to the 47% reduction reported for full-length Fel d 1-targeting antibodies [18,41].
Notably, the 1.5% dose demonstrated the highest efficacy, which may be related to the
prozone—wherein an excess of antibodies may result in steric hindrance that inhibits bind-
ing between Fel d 1 and IgY antibodies [42–45]. These results indicate that epitope-targeted
IgY antibodies exerted significant neutralization (up to 71% reduction) and enhanced speci-
ficity without any adverse side effects being observed. Furthermore, our preliminary data
indicated a reduction in environmental Fel d 1 levels in cats following dietary supplemen-
tation with anti-Fel d 1 IgY-enriched egg yolk powder. The ability of epitope-targeted
IgY antibodies to prevent IgE binding to Fel d 1 and subsequent activation will be further
investigated using ex vivo mast cell models in future studies.
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4. Materials and Methods
4.1. Bacterial Strains, Plasmids, and Reagents

The E. coli BL21(DE3) competent cells and pET-28a expression vector were purchased
from Sangon Biotech Co., Ltd. (Shanghai, China). Skim milk powder (Blotting Grade) was
obtained from Beyotime Biotechnology (Shanghai, China). 3,3′,5,5′-Tetramethylbenzidine
(TMB) single-component substrate solution, Tween-20, and polyethylene glycol 6000 (PEG-
6000) were purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China).
Mouse anti-chicken IgY-HRP conjugate was acquired from Beijing Bersee Science and Tech-
nology Co., Ltd. (Beijing, China). All other chemicals used were of analytical-grade purity.

4.2. Sequence Homology and Structural Characterization of Fel d 1 Allergen

The amino acid sequences of Fel d 1 chain 1 (NCBI accession P30438) and chain
2 (NCBI accession NP_001041619) were retrieved from the NCBI protein database. A
multiple sequence alignment was performed using the top 50 homologous sequences with
the highest similarity scores. The phylogenetic tree was constructed using the maximum
likelihood method and visualized through the iTOL web platform [46].

4.3. Structural Characterization of Fel d 1 Allergen

The secondary structure of Fel d 1 was predicted using the SOPMA method. The
SWISS-MODEL workspace (http://swissmodel.expasy.org/) (accessed on 2 March 2023)
was used to predict the tertiary structure modeling; the model quality was evaluated using
QMEAN and GMQE scoring systems [47–49].

4.4. Cell Epitope Analysis and Chimeric Protein Design of Fel d 1 Allergen

The immunoinformatic analysis of Fel d 1 was performed using an integrated bioin-
formatics approach. Antigenic determinants were comprehensively evaluated through
multiple parameters, including antigenicity, hydrophilicity, β-turn, surface accessibility
and molecular flexibility, using the antigenic determinant prediction workspace of Nan-
jing Detai bioinformatics platform (http://www.detaibio.com/peptide-antigen-prediction
(accessed on 4 March 2023).

The T-helper (Th) cell epitopes of the Fel d 1 protein were predicted using the ProPred-
I program, while cytotoxic T lymphocyte (CTL) epitopes were identified through IEDB
(https://nextgen-tools.iedb.org/) or CTLpred workspace (http://crdd.osdd.net/raghava/
ctlpred/) [50,51]. Dominant core epitopes were selected based on a stringent threshold
score of 0.51.

Selected dominant epitopes were assembled into a cFel d 1 construct using a flexible
linker (GGGGS) to maintain epitope independence and structural integrity. The engineered
protein was subsequently characterized through secondary and tertiary structure prediction
using SOPMA molecular modeling system (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_
automat.pl?page=npsa%20_sopma.html) (accessed on 2 March 2023) and Swiss-Model
workspace (http://swissmodel.expasy.org/) (accessed on 2 March 2023).

4.5. Recombinant Expression and Purification of cFel d 1 Protein

The cFel d 1 gene sequence was codon-optimized for E. coli expression using the
ExpOptimizer tool and synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) [52]. The
optimized gene was cloned into the pET-28a expression vector, and the recombinant pET-
28a-cFel d 1 plasmid was transformed into E. coli BL21(DE3). Transformants were selected
on Luria–Bertani (LB) plates (containing 50 µg/mL kanamycin) at 37 ◦C for 16–18 h. Positive
clones were verified by colony PCR and Sanger sequencing (Supplementary Materials).
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Recombinant cFel d 1 protein production was scaled from a shake flask to a 5 L
bioreactor system. Briefly, a single positive colony of recombinant E. coli BL21(DE3)/pET-
28a-cFel d 1 was inoculated into LB medium (containing 50 µg/mL kanamycin) and grown
overnight at 37 ◦C. Subsequently, the culture was diluted 1:100 in fresh LB medium and
incubated until optical density (OD600 nm) reached 0.6–0.8. Protein expression of cFel d 1 was
induced with 0.4 mM IPTG at 30 ◦C (Supplementary Materials).

Following 4–6 h of induction, cells were harvested by centrifugation (10,000 rpm,
15 min, 4 ◦C) and resuspended in lysis buffer (25 mM Tris, 150 mM NaCl, pH 7.5). The cells
were sonicated using a JY92-II N ultrasonic homogenizer (Ningbo Scientz Biotechnology
Co., Ltd.) (Ningbo, China) under optimized conditions (15% amplitude, 5 s pulse/10 s
rest cycles for 20 min). The lysate was clarified by centrifugation (10,000 rpm, 15 min,
4 ◦C), and the supernatant was sterile-filtered (0.22 µm) before loading onto a Ni2+ affinity
chromatography column. Stepwise elution with imidazole gradient (50–500 mM) yielded
purified cFel d 1, which was subsequently characterized by 16.5% Tris-Tricine-SDS-PAGE
and matrix-assisted laser desorption/ionization Time-of-Flight mass spectrometry (MALDI-
TOF-MS) to confirm molecular mass and purity.

4.6. Immunization of cFel d 1 Protein

The immunization experiments were conducted using purified cFel d 1 protein
(500 µg/mL in PBS, pH 7.4) following standardized protocols. Female BALB/c mice
(6-week-old, n = 5) received subcutaneous immunizations with 25 µg cFel d 1 antigen
on day 0 (primary) and boosters on days 21 and 31 [19]. Complete Freund’s adjuvant
(1:1 emulsion) was used for the primary immunization, and incomplete adjuvant was used
for the subsequent boosters. The control group received PBS/adjuvant mixtures.

Similarly, 140-day-old Hyline Brown laying hens purchased from a local company
were randomly divided into three treatment groups: antigen group (n = 6, 0.3 mg of
antigen), adjuvant group (n = 6), and negative control (n = 6). Intramuscular injections
were administered at two-week intervals (four total) under controlled housing conditions,
and eggs were collected weekly and pooled by treatment group.

4.7. Extraction and Immunochemical Validation of Anti-cFel d 1 IgY Antibodies

Anti-cFel d 1 IgY antibodies were isolated from eggs using an optimized PEG-6000
precipitation method with some modifications [53,54]. Antibody titers (mouse serum IgG
and egg IgY) were quantified by iELISA (Supplementary Materials) [55,56].

Antibody specificity was systematically determined by Tris-Tricine-SDS-PAGE and
WB. Briefly, both recombinant cFel d 1 protein (1.44–2.89 µg) and native Fel d 1 present
in cat saliva (5–10 µL) were electrophoresed on a Tris-Tricine-SDS-PAGE gel, followed
by transfer to PVDF membranes (100 V, 50 min). Membranes were then blocked with
5% skim milk in PBST (PBS containing 0.05% Tween-20) at 37 ◦C for 1.5 h with constant
agitation (60 rpm). Subsequently, membranes were incubated overnight at 4 ◦C with
anti-cFel d 1 IgY antibodies or adjuvant IgY antibodies (diluted 1:5,000 in blocking buffer),
washed extensively with PBST, then incubated with HRP-conjugated mouse anti-chicken
IgY secondary antibodies (Bersee, BIR798) at 37 ◦C for 1.5 h (60 rpm). Finally, specific
antigen–antibody interactions were visualized using enhanced chemiluminescence (ECL)
substrate and documented using a digital imaging system.

4.8. Efficacy of Anti-cFel d 1 IgY in Egg Yolk in Cats

Twenty-three adult healthy cats (11 males and 12 females; mean age, 3.5 years; weight,
mean 3–4 kg; breed, Ragdoll, British Shorthair, Maine Coon and Chinese Calico) were
included in this study. They were individually housed in cages (162 cm × 68 cm × 189 cm)
at the pilot base of the Chinese Academy of Agricultural Sciences (CAAS). The cages were
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cleaned once daily and the average daily feed intake of the cats was monitored, as well as
their body weights throughout the study. All procedures were conducted in compliance
with the Animal Welfare Act guidelines and were approved by the Laboratory Animal
Ethical Committee at CAAS (IFR-CAAS20231226). Egg yolks containing anti-cFel d 1 IgY
antibodies were lyophilized using a vacuum freeze dryer (LGJ-10C, Beijing, China) and
incorporated into the cat’s diets. All cats initially received a control diet and maintenance
requirements for a one-week baseline period. They were subsequently randomly divided
into four groups (n = 6 per group, with the 3% group having n = 5) for a four-week dietary
intervention, during which each group was fed a maintenance diet enriched with 1%, 1.5%,
2%, or 3% anti-cFel d 1 IgY. Saliva samples were collected weekly, and salivary Fel d 1 levels
were quantified using a commercial ELISA kit (Fel d 1 ELISA 2.0, Indoor Biotechnology).

4.9. Statistical Analysis

Data are presented as mean ± SEM. Statistical analyses were performed using Graph-
Pad Prism software (version 9.5.1) (GraphPad Software, La Jolla, Calif) and RStudio (4.3.2;
RStudio: Integrated Development for R, Boston, MA, USA), with p < 0.05 being considered
statistically significant. Comparisons between two independent groups were conducted
using Student’s t-test.

5. Conclusions
In summary, cFel d 1, designed based on Fel d 1 epitopes, was successfully expressed

in E. coli. The resulting specific anti-cFel d 1 antibodies showed a strong immune response.
Epitope-targeted anti-cFel d 1 IgY antibodies significantly reduced salivary Fel d 1 levels
in cats. The antibody demonstrates potent specificity and safety. The allergen epitope-
targeted IgY strategy paves the way for novel preventive and therapeutic approaches
against allergic diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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WHO World Health Organization
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AIT allergen-specific immunotherapy
IgG immunoglobulin G
IgY Immunoglobulin Y
cFel d 1 chimeric protein
TMB 3,3′,5,5′-Tetramethylbenzidine
Th T-helper
CTL cytotoxic T lymphocyte
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MALDI-TOF-MS matrix-assisted laser desorption/ionzation time of Flight mass spectrometry
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