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Abstract: Glaesserella parasuis (G. parasuis.) is the etiological pathogen of Glasser’s disease, which
causes high economic losses to the pig industry. The heme-binding protein A precursor (HbpA)
was a putative virulence-associated factor proposed to be potential subunit vaccine candidate in G.
parasuis. In this study, three monoclonal antibodies (mAb) 5D11, 2H81, and 4F2 against recombinant
HbpA (rHbpA) of G. parasuis SH0165 (serotype 5) were generated by fusing SP2/0-Ag14 murine
myeloma cells and spleen cells from BALB/c mice immunized with the rHbpA. Indirect enzyme-
linked immunosorbent assay (ELISA) and indirect immunofluorescence assay (IFA) demonstrated
that the antibody designated 5D11 showed a strong binding affinity with the HbpA protein and
was chosen for subsequent experiments. The subtypes of the 5D11 were IgG1/«k chains. Western
blot analysis showed that mAb 5D11 could react with all 15 serotype reference strains of G. parasuis.
None of the other bacteria tested reacted with 5D11. In addition, a linear B-cell epitope recognized by
5D11 was identified by serial truncations of HbpA protein and then a series of truncated peptides
were synthesized to define the minimal region that was required for mAb 5D11 binding. The 5D11
epitope was located on amino acids 324-LPQYEFNLEKAKALLA-339 by testing the 5D11 monoclonal
for reactivity with 14 truncations. The minimal epitope 325-PQYEFNLEKAKALLA-339 (designated
EP-5D11) was pinpointed by testing the mAb 5D11 for reactivity with a series of synthetic peptides
of this region. The epitope was highly conserved among G. parasuis strains, confirmed by alignment
analysis. These results indicated that mAb 5D11 and EP-5D11 might potentially be used to develop
serological diagnostic tools for G. parasuis. Three-dimensional structural analysis revealed that amino
acids of EP-5D11 were in close proximity and may be exposed on the surface of the HbpA protein.
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1. Introduction

Glaesserella parasuis (G. parasuis) is a non-motile, pleomorphic, nicotinamide adenine
dinucleotide (NAD)-dependent gram-negative bacterium of the Pasteurellaceae family [1],
which is a commonly found opportunistic parasitic pathogen in the upper respiratory tract
of swine [2]. The original name of the bacterium was Haemophilus Parasuis (H. parasuis),
but in 2020, Dickerman et al. analyzed the phenotypic characteristics and whole genome
sequence of the bacterium and confirmed that H. parasuis was distinct from other genera
in the family Pasteurellaceae and proposed to have it renamed as Glaesserella parasuis [3].
At present, at least 15 serotypes of G. parasuis have been identified, plus several non-
typeable (NT) isolates, while the pathogenicity level of different serotypes is different [4].
Furthermore, the dominant serotypes are different in different regions [5]. Under some
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specific circumstances, including poor feeding and management practices, stress, and
hypo-immunity, virulent strains breach the mucosal barrier and enter the bloodstream,
causing a serious tissue and organ disease, called Glédsser’s disease, which induces a
strong inflammatory response characterized by meningitis, pneumonia, polyarthritis, and
fibrinous polyserositis, leading to high morbidity and mortality in piglets, resulting in
major economic losses in the global pig industry [4,6].

Meanwhile, Gldsser’s disease tends to occur following infection by viral or other
bacterial pathogens [7]. In such cases, it makes diagnosis and treatment of the pathogens
a challenge, highlighting the need for discriminating diagnostic methods. Monoclonal
antibodies with a high affinity and specificity for bacterial protein could be used to detect G.
parasuis and precisely diagnose Glasser’s disease by immunological methods [8]. Screening
of immunodominant antigens and epitope mapping is considered a crucial element in
designing a targeted immune response, screening promising subunit vaccine candidates,
and developing diagnostic methods [9]. The monoclonal antibody of G. parasuis Fe(3+) ABC
transporter substrate-binding protein has also been demonstrated for the prevention and
control of G. parasuis infection, including eliminating the bacteria in the blood and provided
protection against G. parasuis by passive immunization protection experiments [10]. Map-
ping antigenic determinants are essential for the development of epitope-based serological
diagnostic tools to assess antigen—antibody interactions for various diseases. The mono-
clonal antibody of G. parasuis OppA protein has also been proven to be helpful in dot blot
and Western blot for reactivity with 1-15 serotype reference strains and could be used to
develop serological diagnostic tools. Furthermore, a highly conserved linear B-cell epitope
(aa 469-KTPAEAR-475) recognized by the mAb was identified by a phage-displayed 12-mer
random peptide library and alignment analysis, which was highly specific among different
bacterial strains [8]. Precise analysis of the epitope will provide the essential information
for the development of diagnostic tools for G. parasuis.

The hbpA gene of G. parasuis encodes a peptide ABC transporter substrate-binding
protein, which is also heme-binding protein A precursor (HbpA), and has high homology
with Haemophilus influenza (H. influenzae) hbpA gene (also known as gbpA) [11]. H. influenzae
HbpA has turned out to be a conserved and heme-dependent protein among Haemophilus
species [12], implicated in the acquisition and utilization of heme into an organism as an
iron source, and is considered to be a crucial element for the survival of the bacteria in the
host because of the absolute growth requirement [13]. However, Vergauwen et al. reported
that the dominant function of HbpA is mediating glutathione transport rather than heme
import [11], which reflects the multiple functions of the substrate binding protein. The hbpA
was identified as a virulence determinant in this model of H. influenzae invasive disease [14].
In addition, the recombinant protein HbpA could induce high titers of antibodies and
mediate opsonophagocytosis, but vaccination with HbpA protein individually elicited
low protective immunity against Actinobacillus pleuropneumoniae [15]. HbpA protein has
also been identified in G. parasuis serotype 5 strain SH0165 [16], and is considered to be
a putative virulence-related factor by analyzing the expression differences of membrane
proteomes between two different virulence strains [17]. At the same time, mice immunized
with this protein could produce high titers of antibodies, which could provide beneficial
immune protection against 5 X LDsp (6 x 10° CFU) G. parasuis M-3 strain, with 70%
protection rate in mice [18]. Another report showed that this protein had a 40% protection
rate against the G. parasuis high virulence SH0165 strain with LDjg (2.0 x 10° CFU) G.
parasuis lethal challenge in mice [19]. Therefore, the dominant epitope region of the protein
can be screened to enrich the G. parasuis epitope map and develop diagnostic methods
based on the epitope or a peptide vaccine against G. parasuis infection.

In our study, we described the generation and epitope mapping of G. parasuis mAb
5D11 and investigated the conserved epitopes among G. parasuis without reactivity with
other bacteria. Three mAbs against purified recombinant G. parasuis HbpA protein were
prepared, and the mAb 5D11 was found to exhibit the highest reactivity with HbpA protein
by ELISA and IFA and was selected for further study of the antigenic epitope identification.
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In addition, mAb 5D11 could recognize G. parasuis in Western blot. Given that there may
be additional applications of mAb 5D11, this study aimed to characterize the epitope that
mADb 5D11 binds. An integrated approach was employed, including truncated protein
expression and peptide synthesis. The epitope (EP-5D11/325-PQYEFNLEKAKALLA-339)
was highly conserved among G. parasuis, which was confirmed by alignment analysis.
Furthermore, 3D structure analysis showed that amino acids of EP-5D11 were in close
proximity and may be exposed on the surface of the HbpA protein. Detailed information
related to the EP-5D11 will assist us by providing us with a better ability to combat this
disease and facilitate the development of diagnostic methods in the future.

2. Results
2.1. Expression, Purification, and Characterization of Full-Length G. parasuis Recombinant HbpA
Protein (rHbpA)

rHbpA protein was expressed as a fusion protein with its C-terminal and N-terminal
6 x His tags, facilitating the purification process using Ni affinity chromatography in vitro.
The products were dialyzed, ultra-filtrated, and analyzed by utilizing 12.5% sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, Figure 1A), while the E. coli
BL21 strain with empty vector pET-28a(+) served as a negative control (lane 1). The ex-
pressed GPS-rHbpA was soluble in the supernatant post sonication (lane 4), and lanes 5
show the Ni-NTA purified rHbpA at the expected size, 55 kDa, indicating that the rHbpA
protein was successfully expressed in BL21(DE3) under the induction by 1 mM of IPTG
for 16-18 h at 26 °C. The Western blot (Figure 1B,C) demonstrated that the rHbpA protein
was recognized explicitly by the mouse anti-His mAb at 1:5000 dilutions and the mouse
anti-GPS hyperimmune serum at 1:200 dilutions.

Figure 1. Expression and purification of His-tagged G. parasuis rHbpA protein. (A) SDS-PAGE of
pET28a-HbpA transfected E. coli BL21(DE3). M: protein molecular weight marker; lane 1: IPTG-
induced E. coli BL21(DE3) with empty vector pET-28a (+); lane 2: IPTG-induced E. coli BL21(DE3)
with pET-28a-HbpA; lane 3: precipitates of pET28a-HbpA E. coli BL21(DE3) post sonication; lane
4: supernatant of pET28a-HbpA E. coli BL21(DE3) post sonication; lane 5: purified rHbpA protein
(dialyzed, ultra-filtrated). (B) Western blot of E. coli BL21(DE3) with empty vector pET-28a (lane 1) and
expressed vector pET28a-HbpA (lane 2,3) probed with mouse anti-His mAb (1: 5000). (C) Western
blot of E. coli BL21(DE3) with empty vector pET-28a (lane 1) and expressed vector pET28a-HbpA
(lane 2, 3) probed with mouse anti-GPS hyperimmune serum (1:200).

2.2. Production and Screening of G. parasuis rHbpA mAbs

Purified G. parasuis rHbpA was used to immunize BALB/c mice; a week after the
booster immunization, the mouse with the highest antibody titer was sacrificed for hy-
bridoma production. Hybridomas were screened four times by indirect ELISA, and ul-
timately, three hybridomas (named 5D11, 2H81, and 4F2, respectively) were chosen for
further testing. The hybridomas were identified as IgG1 k light chain isotype using a mouse
monoclonal antibody isotyping ELISA kit (Proteintech, Chicago, IL, USA). As can be seen
from the representative indirect immunofluorescence assay (IFA) images (Figure 2A), the
monoclonal 5D11 showed the most significant reactivity with the G. parasuis in infected
PK-15 cells. Meanwhile, in infected 3D4/21 cells (Figure 2B), mAb 5D11 performed better
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in G. parasuis recognition than PK-15 cells. ELISA results (Figure 2C) also demonstrated
that mAb 5D11 had greater reactivity with the rHbpA than the other mAbs. As seen in the
Western blot results (Figure 2D), mAb 5D11 could recognize both the natural HbpA protein
in G. parasuis and the rHbpA protein expressed in E. coli BL21(DE3) system, while rPotD
protein expressed in the same vector, pET-28a(+), was served as a negative control.
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Figure 2. The activity of anti-GPS rHbpA mAbs. (A) Inmunofluorescence assay (IFA) of the three
mAbs reactivity with the G. parasuis in infected PK-15 cells. Binding was visualized with CY3 labeled
goat anti-mouse antibody, while DAPI was used to visualize the cell nuclei. The mADb used for the
assay is indicated on the left. Magnification = 200x. (B) Immunofluorescence assay (IFA) of mAb
5D11 reactivity with the G. parasuis in infected 3D4/21 cells. Magnification = 100 x. (C) Activity of the
antibodies with His-HbpA and His-PotD by ELISA. (D) Reaction of mAb 5D11 with rHbpA, rPotD,
and G. parasuis SH0165.

2.3. Epitope Mapping of G. parasuis rHbpA

Figure 3A shows the schematic diagram of protein segmentation in three rounds. To
locate the epitope on HbpA recognized by mAb 5D11, IEDB Analysis Resource online
analysis software (http://tools.immuneepitope.org/main/) was used to predict. Based on
the B-cell epitope analysis results, we divided the HbpA protein into six parts ((Figure 3B):
HbpA1 (1-101 aa), HbpA2 (90-197 aa), HbpA3 (181-286 aa), HbpA4 (271-380 aa), Hbp A5
(371-450 aa), and HbpA6 (431-510 aa)). ELISA (Figure 3C) and Western blot (Figure 4C)
results showed that mAb 5D11 reacted only with the HbpA4 fragment. From here, three
truncations of the HbpA4 fragment were constructed ((Figure 3D): HbpA4-1 (271-218
aa), HbpA4-2 (309-348 aa), and HbpA4-3 (335-380 aa)). ELISA (Figure 3E) and Western
blot (Figure 4F) showed that mAb 5D11 reacted only with the HbpA4-2 fragment. Then,
we divided the HbpA4-2 fragment into five parts ((Figure 3F): HbpA4-2-1 (309-329 aa),
HbpA4-2-2 (320-339 aa), HbpA4-2-3 (330-348 aa), HbpA4-2-4 (309-334 aa), and HbpA4-2-5
(324-348 aa)). ELISA (Figure 3G) and Western blot (Figure 4I) showed that mAb 5D11
reacted with the HbpA4-2-2 and HbpA4-2-5 fragments. These results demonstrated that
the amino acids 324-339 were, at a minimum, necessary for the 5D11 interaction. Except for
HbpA1l, HbpA3, HbpA5, and HbpA®, all truncated proteins were soluble (Figure 4A,D,G,]).
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All proteins were expressed with His-tag, and Western blot results demonstrated that all
truncated ones were specifically recognized by His-tag mAb (Figure 4B,E,H,K).
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Figure 3. G. parasuis HbpA protein epitope mapping. The segments recognized by mAb 5D11 are
marked in red and those unrecognized by 5D11 are marked in black. (A) Schematic of G. parasuis
HbpA protein epitope mapping. The truncated fragments in the first round are represented by orange
lines, the second round by blue lines, and the third round by yellow lines. (B,C) HbpA protein
epitope mapping and ELISA for the reactivity of mAb 5D11with truncated segments (the first round).
(D,E) HbpA4 epitope mapping and ELISA for the reactivity of mAb 5D11with truncated segments
(the second round). (F,G) HbpA4-2 epitope mapping and ELISA for the reactivity of mAb 5D11with
truncated segments (the third round). All ELISA experiments were performed in triplicate, and
dilution ratios of monoclonal 5D11 are shown in the upper right corner. **** p value < 0.0001.
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Figure 4. G. parasuis HbpA truncated expression and epitope mapping. (A,D,G,J) SDS-PAGE of
the HbpA protein truncations expressed in E. coli BL21(DE3). (B,E,H,K) Western blot of truncated
fragments probed with mouse anti-His mAb (1:5000). (C,F,I,L) Western blot of truncated fragments
probed with mAb 5D11 (1:500).

2.4. Identification of the Minimal Epitope

The synthesized peptides (Figure 5A,B) were used as antigens in dot blot assays; the
result showed that mAb 5D11 reacted most strongly with P1 and P2 and did not react with
other peptides (Figure 5C), demonstrating that the minimal epitope recognized by mAb
5D11 was amino acids 325-339.

A B
Peptide Amino acids

Cw | aslaveeekadn | L)) e—
P2 325-PQYEFNLEKAKALLA-339

;s 326-QVEFNLEKAKALLA-339 | P3 326 339
P4 327-YEFNLEKAKALLA-339 P4 327 339
3 324-LPQYEFNLEKAKALL-338 P5 324 338
P6 324-LPQYEFNLEKAKAL-337 P6 324 337

7 324-LPQYEFNLEKAKA-336 | P7 324 336

C

mAbSDI11

Figure 5. Identification of the minimal 5D11 epitope. (A) Seven peptides synthesis (P1, P2, P3, P4, P5,
P6, P7). (B) Seven peptides reacted with mAb 5D11 to detect the minimum epitope. The peptides
recognized by mAb 5D11 are represented by red lines, while those unrecognized by monoclonal 5D11
are represented by gray lines. (C) Seven peptides were tested for reactivity with mAb 5D11 by dot
blot assays. The experiments were repeated three times.
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2.5. Cross-Reactivity Analysis

Western blot was performed to investigate whether GPS (G. parasuis) cross-reacted with
APP,PM, SS, SC, SA, ETEC, and ER on the epitope of EP-5D11 (aa 325-PQYEFNLEKAKALLA-
339). mAb 5D11 was used as the primary antibody. As shown in Figure 6A, mAb 5D11
reacted with all 15 serotype reference strains of GPS but failed to react with others. A
broad band with an approximate molecular mass of 50 kDa was also observed. This result
showed that GPS EP-5D11 had no cross-reaction with APP, PM, SS, SC, SA, ETEC, and ER.
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Figure 6. Identification specificity of mAb 5D11 by Western blot and indirect ELISA. (A) Reactivity
of mAb 5D11 with the lysates of 15 serotype reference strains of GPS (lane 1-15), APP (lane 16), PM
(lane 17), SS (lane 18), SC (lane 19), SA (lane 20), ETEC (lane 21), and ER (lane 20). The mAb 5D11
was used as the primary antibody. (B) Reactivity of EP-5D11 with mouse anti-APP, anti-PM, and
anti-GPS hyperimmune. The negative control was nonimmunized mice serum.

2.6. Alignment Analysis

To explore the conservation of the EP-5D11 (epitope 5D11), we aligned the identified
epitope with proteins available in GenBank. EP-5D11 was compared in NCBI BLAST and
the sequence alignment results were displayed by MEGA (Figure 7). The alignment result
showed that the EP-5D11 (aa325-PQYEFNLEKAKALLA-339) was highly conserved among
the G. parasuis strains analyzed, with a shared sequence similarity of 100% (the first 26 in
Figure 7). Meanwhile, the results revealed that Nicoletella semolina, Mannheimia haemolytica,
Mannheimia pernigra, Ursidibacter maritimus, Ursidibacter arcticus, and Actinobacillus indolicus,
share high sequence similarity in the position of epitope 5D11. Among them, Nicoletella and
Mannheimia mainly infected horses [20], cattle [21] and sheep [22], and Ursidibacter from the
bear mouth [23]. The APP shares 80% sequence similarity with G. parasuis in epitope 5D11,
having three different amino acids at P32°, N33, and A3, The PM share 60% sequence
similarity with G. parasuis in epitope 5D11, having six different amino acids at P32, Q%2,
E328, N30, 1.331 ‘and A3%. EP-5D11 conjugated KLH as an antigen to detect the reaction
with mouse anti-APP, anti-PM, and anti-GPS hyperimmune serum by indirect ELISA, as
shown in Figure 6B; the positive mouse serum of APP and PM showed no cross-reaction
with EP-5D11.

2.7. Three-Dimensional Structure Analysis of EP-5D11

PyMoL molecular visualization system was used to analyze EP-5D11 from the 3TPA.1
(G. parasuis 29755 strain) template of the protein database (PDB). The amino acids of EP-
5D11 were located close to one and were predicted to be exposed on the surface of the
HbpA protein (Figure 8), suggesting that EP-5D11 was highly likely to be a linear epitope.
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Name PQYEFNLEKAKALLA
1 WP 012621551 1-1-531 ABC transporter substrate-binding protein Glaesserella parasuis
2 WP 044009078 1:1-531 ABC transporter substrate-binding protein Glaesserella parasuis
3. WP 005711351 1:1-531 ABC transporter substrate-binding protein Glaesserella parasuis
4. WP 010785873 1.1-531 ABC transporter substrate-binding protein Glaesserella parasuis
5. WP 026916563 11-531 ABC iransporter subslrate-binding profein Glaesserella parasuis
8 WP 016528194 1:1-531 ABC transporter substrate-binding protein Glaesserella parasuis
7. WP 1:1-531 ABC transpor -binding protein Glaesserella parasuis
8 MWQO7657.1:1-531 ABC transporter substrate-binding protein Glaesserella parasuis
9. WP 180416665.1 |ﬂ1wcummsmamwm
10. WP 078208554 1:1-531 ABC transporter parasuis
11. WP 075605304 1:1-531 ABC transporter substrate-
12. WP 082259183 1:1-531 ABC transporter substrate-binding protein Glaesserella parasuis
13 MWQ21835 1:1-531 ABC transporter substrate-binding protein Glaesserella parasuis
14. WP 035523834 11-531 ABC transporter substrate-binding prolein Glaesserella parasuis
15 WP 160441899 1-1.631 ABC transporter substrate-binding protein Giaesserella parasuis
16. WP 035520712 11531 ABC transporter substrat
17. WP 035490377 .1:1-531 ABC transporter substrate- parasuis
18. WP 021112241.1:1-531 ABC transporter substrate- L parasuis
lnuwmm|mmcnmmwmmm&m
20. WP 075604662 1:1-531 ABC transporter parasuis
21 3TPA A'3-513 Structure of HbpA2 from parasuis 29755
22 EQA01068.1:1-505 dppA Glaesserella parasuis SW114
23 EQA11345.1:1-496 dppA Glaesserella parasuis 84-15895
24 WP 071610108 1.1-467 ABC transporter subsirate. partial
25 MXO44289 1 1.464 ABC transporter substrate-binding protein Glaesserela parasuis
26. EQA15377.1:1-390 solute-binding s 5 ly protein parasuis 174
27 WP 132501383 1:1-529 ABC transporier substrate-binding protein Nicoletella semolina
28. WP 1:23-529 ABC ‘'substrate-binding
29. WP 126301421.1:1-527 ABC transporter substrate-
30. WP 1:23-529 ABC substrate-binding
3. WP .1:23-529 ABC umnmw
32 wp 1:23-520 ABC L
mooomwmszopq;mumm-mm-
34. SQE30285.1:23-529 Hemin-binding ipoprotein Mannheimia haemolytica
35. WP 135674445.1:1-529 ABC transporter substrate-binding protein Actinobacillus indolicus
36. WP 208289589 1-1-528 ABC lransporier subsirate-binding proten Mannhesmia sp. ZY171111
37. WP 176812303 1.1-528 ABC transporter substrate-binding protein Mannheimia perigra
38 WP 176800685 1 1-528 ABC transporter substrate-binding protein Mannheimia pemigra
39. WP 176807994.1:1-528 ABC transporter substrate-binding protein Mannheimia pemigra
40. WP 158629219.1.1-528 ABC transporter substrate-binding protein Mannheimia ovis
41. WP 157403428 1:1-520 ABC transporter substrate-binding protein Ursidibacter maritimus
42 WP 157395404 11-520 ABC transporter substrate-binding protein Ursidibacter arcticus
43. QIW15385.1:16-530 peptide transporter Pasteurellaceae bacterium RH1A ~ e
44. WP 012478444 1°1-529 ABC transporter substrate-binding protein Actinobacillus pleuropneumoniae
45 WP 005619103 1.1-529 ABC transporter substrate.
46. EFMB7812.1:13-541 mmmmAkmummmzm S|535
47 WP 043995307 1:1-520 ABC transporter substrate-bi
48 EFN02892 1:13-541 Heme-binding protein A Actinobacillus pleuropneumoniae serovar 13 str N273
49. EFN00873.1:13-541 Heme-binding proten A Actinobacillus pleuropneumoniae serovar 12 str. 1006
50. WP 043995006 1.1-529 ABC transporter substrate.
51. EFMO6547.1:13-541 ankmum.mmmw D13039
52, WP 036197128 1.1.520 ABC transporter substrate-binding protein Actnobacilus equul
53 WP 011848481 1:1-529 ABC transporter substrate-
54. WP 014991713.1:1-520 ABC transporter substrate-binding protein Actinobacillus suis
56. WP 115686766.1.1-520 ABC lransporer substrate-binding protein Actinobacills igreresa
56. WP 039709124 1:1-520 ABC transporter substrate-
57 WP 081577955 1-1-520 ABC transporter substrate-binding protein Actinobacilus suis
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Figure 7. Comparison of the EP-5D11 amino acid sequence among different strains. The sequence
corresponding to the region encompassing G. parasuis minimal linear epitope was aligned. The
homologous sequences of different strains corresponding to the identified epitope are highlighted,
where different amino acids are shown, and the same are replaced by dots. The first 26 were sequence
alignments of G. parasuis from GenBank. The rest were sequence alignments of the epitope region
from other animal bacteria. The GenBank accession numbers of strains were shown in front of the
strains’ names. The results were analyzed by MEGA.
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Figure 8. The 3D structure of the HbpA protein was visualized using the PyMOL molecular graphics
and modeling system. (A) The overall structure of the HbpA protein is shown on the right, where
the blue areas represent EP-5D11 residues (aa 325-PQYEFNLEKAKALLA-339), magnified on the left.
(B) The EP-5D11 residues are shown as a stick figure and are displayed at different angles of rotation.

3. Discussion

G. parasuis is a widespread symbiosis in the benign porcine upper respiratory tract
which may cause severe vascular lesions and multiple organ dysfunction, resulting in
serious economic losses [6]. Monoclonal antibodies are widely used in the detection of
microorganisms, such as viruses [24], bacteria [25], and other pathogens [26]. Since the
critical factor in preparing monoclonal antibodies is to obtain a high purity immune antigen,
the preparation method of bacterial-related monoclonal antibodies generally starts from
the preparation of antigen protein [10]. In this study, soluble G. parasuis rHbpA protein was
successfully expressed and used as an immunogen to immunize BALB/C mice. Monoclonal
antibodies against G. parasuis rHbpA protein were generated by fusing spleen cells from
BALB/c mice with SP2/0 murine myeloma cells. Three hybridoma cells (named 5D11,
2H8]1, and 4F2, respectively) were screened and preliminarily identified by indirect ELISA
and IFA. The results demonstrated that hybridoma cell 5D11 had greater reactivity with the
rHbpA than the other mAbs, and then it was selected to analyze the conserved and novel
immune epitope of G. parasuis.

Identification of B-cell mapping epitopes with recognition function region by mono-
clonal antibodies is the basis for the development of epitope-based diagnostic tools, epitope
vaccines, and therapeutic antibodies [10]. Several monoclonal antibodies against G. parasuis
proteins have been reported, such as outer membrane protein A (OmpA) [27], Oligopeptide
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permease A (OppA) [8], and Fe(3+) ABC transporter substrate-binding protein [10], which
were generated by fusing spleen cells from BALB/c mice immunized with the whole bacte-
rial cells with SP2/0 murine myeloma cells. However, based on our knowledge, only OppA
was identified in the relative region and mapped the precise location recognized by mAb
1B3, which was a highly conserved linear B-cell epitope matched “*KTPAEAR*”> contribut-
ing to the cross-reaction between G. parasuis and other animal bacteria. There are many
methods for epitope identification, among which functional methods to detect the binding
activity of antigen fragments or synthetic peptide with antibody are easy to operate and
widely utilized [28]. After three rounds of protein expression, fourteen truncations of HbpA
were constructed: HbpA1 (1-101 aa), HbpA2 (90-197 aa), HbpA3 (181-286 aa), HbpA4
(271-380 aa), HbpA5 (371-450 aa), HbpA6 (431-510 aa), HbpA4-1 (271-218 aa), HbpA4-
2 (309-348 aa), HbpA4-3 (335-380 aa), HbpA4-2-1 (309-329 aa), HbpA4-2-2 (320-339 aa),
HbpA4-2-3 (330-348 aa), HbpA4-2-4 (309-334 aa), and HbpA4-2-5 (324-348 aa). Here, the
epitope region recognized by mAb 5D11 was determined by serially truncating the HbpA
protein (aa324-LPQYEFNLEKAKALLA-339). From there, for further precise mapping, a
series of progressively truncated peptides were synthesized and served as antigens in dot
blot assays, thus determining the minimal determinant of the mAb 5D11-binding site as
aa325-PQYEFNLEKAKALLA-339 (named EP-5D11). Western blot analysis indicated that
mADb 5D11 reacted with all 15 serotype reference strains of G. parasuis but not with other
non-G. parasuis bacteria, such as APP, PM, SS, SC, SA, ETEC, and ER (Figure 5A). These
results suggested that the epitope recognized by mAb 5D11 might be a species-specific
epitope, which could be used to distinguish G. parasuis from other bacteria. In addition,
sequence alignments of EP-5D11 demonstrated that the motif was highly conserved among
G. parasuis strains. Furthermore, we found that the EP-5D11 sequence similarity was
also extremely high with Nicoletella semolina, Mannheimia haemolytica, Mannheimia pernigra,
Ursidibacter maritimus, Ursidibacter arcticus, Actinobacillus indolicus. The APP shares 80%
sequence similarity with G. parasuis in epitope 5D11, having three different amino acids at
P325 N30, and A3%. The PM shared 60% sequence similarity with G. parasuis in epitope
5D11, having six different amino acids at P325, (326 E328 N330 1331 and A3, Among
them, Nicoletella and Mannheimia mainly infected horses [20], cattle [21] and sheep [22],
and Ursidibacter from the bear mouth [23]. However, Actinobacillus indolicus [29], APP [30],
and PM [31] can infect pigs. The mouse anti-APP and anti-PM hyperimmune serum were
verified with no cross-reaction with EP-5D11. However, it remains to be further studied
whether EP-5D11 can cross-react with Actinobacillus indolicus, due to a lack of positive
serum. EP-5D11 was highly conserved among G. parasuis strains and was specific among
different bacterial strains, suggesting that it could be developed as a potential diagnostic
antigen for G. parasuis and other animal bacteria.

To our knowledge, this is the first report to identify the G. parasuis HbpA protein
antigenic epitope EP-5D11 (aa 325-PQYEFNLEKAKALLA-339). It is a linear B-cell epitope
and highly conserved among G. parasuis strains. In summary, we developed a mAb 5D11
and defined the highly conserved linear B-cell epitope within HbpA protein. The G. parasuis
specific-mAb 5D11 and its defined linear epitope EP-5D11 could be used to develop G.
parasuis epitope-associated diagnostics and vaccine design.

4. Materials and Methods
4.1. Ethics Statement

The handling of animals and all procedures were conducted in strict accordance with
a protocol approved by the Institutional Animal Care and Use Committee of Sichuan
Agricultural University, Sichuan, China (protocol code SYXK2019-187) and complied with
the Guide for the Care and Use of Laboratory Animals of the Ministry of Science and
Technology of the People’s Republic of China. Adult female-specific pathogen-free (SPF)
BALB/c mice weighing 20-25 g (6-8 weeks old) were obtained from Dossy Experimental
Animal Co., Ltd., Chengdu, China. Our experimental protocols were designed to provide
comfort and minimal stress for our experimental mice.
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4.2. Strains, Bacterial Growth Conditions, Plasmids, Cells, and Primers

G. parasuis SH0165 (GPS) and Pasteurella multocida HN-06 (PM) were kindly supplied
by Xuwang Cai and Bin Wu from Huazhong Agricultural University, respectively, China.
Salmonella choleraesuis (SC) was kindly supplied by Xinxin Zhao from Sichuan Agricul-
tural University, China. The reference strains of G. parasuis (strains 1 to 15), Actinobacillus
pleuropneumoniae (APP), Enterotoxigenic Escherichia coli (ETEC), Streptococcus suis (SS), Staphy-
lococcus aureus (SA), and Erysipelothrix rhusiopathiae (ER) were preserved by the Laboratory
of Research Center of Swine Disease in Sichuan Agricultural University. Escherichia coli
DH5« (Biomed, Beijing, China) and BL21(DE3) (Biomed, Beijing, China) were cultured in
liquid Luria-Bertani (LB, BD-Difco, NJ, USA) medium or on LB agar (LA, BD-Difco, NJ,
USA) plates. G. parasuis was grown in Tryptic Soy Broth (TSB, BD-Difco, NJ, USA) or on
a Tryptic Soy agar (TSA, BD-Difco, NJ, USA) plate, supplemented with 5% inactivated
bovine serum (Solarbio, Beijing, China) and 0.1% (w/v) nicotinamide adenine dinucleotide
(NAD, Sigma-Aldrich, Maryland, USA) (TSB++ and TSA++). When necessary, the media
was supplemented with 50 pL. kanamycin (Kan, 100 mg/mL) or 100 pL ampicillin (Amp,
100 mg/mL). All strains were shaken at 220 r/min (1 r = 2nirad) at 37 °C. The standard E.
coli expression vectors, pET-28a(+) and pET-32a(+), were preserved by the Laboratory of Re-
search Center of Swine Disease in Sichuan Agricultural University. Sp2/0-Agl4, PK-15, and
3D4/21 cells preserved by the Laboratory of Research Center of Swine Disease in Sichuan
Agricultural University were maintained at 37 °C in a humidified 5% CO, atmosphere in
Dulbecco’s modified Eagle medium (DMEM,; Gibco, Carlsbad, CA), supplemented with
10% heat-inactivated fetal bovine serum (PAN-Biotech, Aidenbach, Germany).

4.3. Expression/Purification of Full-Length and Truncated Recombinant HbpA Protein

Expression of recombinant protein of HbpA (rHbpA) was performed using an E.
coli expression system. Briefly, PCR fragments containing G. parasuis hbpA gene minus a
21 amino acid signal peptide sequence were amplified from genomic DNA of G. parasuis
SHO0165 using primers HbpA-F and HbpA-R (Table 1) designed with Primer 5.0. The result-
ing 1575 bp PCR products were cloned into the restriction enzyme sites BamHI and HindIII
of linearized pET-28a (+) using ClonExpress II One Step Cloning Kit (Vazyme, China),
giving rise to pET-hbpA. The integrity of the resulting construct (pET-hbpA) was verified by
restriction enzyme digestion and DNA sequencing. When reaching an optical density at
600 nm (ODggonm) of 0.5 to 0.6, E. coli BL21(DE3) bearing pET-hbpA was induced to express
by the addition of 1 mM isopropyl-f-D-thiogalactopyranoside (IPTG) for 16-18 h at 26 °C.
The culture was collected by centrifugation at 5000 g for 10 min, resuspended in 50 mM
Tris-HCl, lysed by ultrasonication, and then centrifuged again at 12,000 g for 10 min
to pellet cell debris; the His-tag fusion recombinant HbpA protein was purified from the
supernatant post sonication by Ni-NTA His-Bind Resin (5 mL prepacked column, Bio-Rad,
Boulder, CO, USA), according to the instructions. Purified rHbpA was dialyzed with 2 L of
PBS for 2 days and then analyzed by SDS-PAGE electrophoresis. Using the same method-
ology, a series of truncated HbpA proteins were produced, including HbpA1l, HbpA2,
HbpA3, HbpA4, HbpA5, HbpA6, HbpA4-1, HbpA4-2, HbpA4-3, HbpA4-2-1, HbpA4-2-2,
HbpA4-2-3, HbpA4-2-4, and HbpA4-2-5, among which HbpA1, HbpA2, HbpA3, HbpA4,
HbpAS5, and HbpA6 were induced to express by the addition of IPTG for 16-18 h at 26 °C,
while others were induced at 18 °C.

Table 1. Primers used in this study.

Segment Primers Primer Sequences (5'—3') Positions (Amino Acids)
HbpA HbpA-F cagcaaatgggtcgcggatccGCACCGACAAATACATTGGTCA
P HbpA-R ctegagtgeggecgcaagctt TTAAGGCTTCAGACTTACGCCAT 1-510
HbpAl HbpA1-F gecatggetgatatcggatccGCACCGACAAATACATTGGTCA
P

HbpA1-R ctcgagtgeggecgeaagcttGCGCTTGGCGTTGGAATGA 1-101
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Table 1. Cont.
Segment Primers Primer Sequences (5'—3) Positions (Amino Acids)
HbpAD HbpA2-F gecatggetgatatcggatccGCCGATGATGTGGTGTTCTC
P HbpA2-R ctegagtgeggecgeaagctt GGTGGTCGGTCTGATAAGTTTGG 90-197
HbpA3 HbpA3-F gecatggcetgatatcggatccCAACCGATTGGAACGGGG
P HbpA3-R ctegagtgcggecgcaagcttGTCGGCGAACTTTTACGTTGTTT 181-286
HbpA4 HbpA4-F gecatggctgatatcggatccGGGCTAAATACCACCAAACCTG
P HbpA4-R ctegagtgcggccgcaagcttGCACGCCAATTTTAGCCCAG 271-380
HbpAS HbpA5-F gecatggctgatatcggatcc ATTCAAGCAGACTGGGCTAAAA
p HbpA5-R ctegagtgcggecgcaagcttGTTGTACCGCTGAGGCGAGTAG 317-450
HbpAG HbpA6-F gecatggctgatatcggatcc ACCAATTACTCTCGCTGGACAG
P HbpA6-R ctegagtgcggeegcaagcttGAGGCTTCAGACTTACGCCATAA 431-510
HbpAd-1 HbpA4-1-F gecatggctgatatcggatccGGGCTAAATACCACCAAACCTG
pA%- HbpA4-1-R ctegagtgcggecgcaagcttGTAATACTGCATCAGGGAACGGA 271-318
HbpA4-2 HbpA4-2-F gecatggcetgatatcggatccGCAACCAATCCGTTCCCTG
pA%- HbpA4-2-R ctegagtgeggecgcaagcttGTTCAAAACCGTTTGGATAGCC 309-348
HbpA43 HbpA4-3-F gecatggctgatatcggatccAAAGCATTATTGGCAGAAGCTG
pA%- HbpA4-3-R ctegagtgcggcegcaagctt GCACGCCAATTTTAGCCCAG 335-380
HbpAd-1 HbpA4-2-1-F gecatggctgatatcggatccGCAACCAATCCGTTCCCTG
pA&-= HbpA4-2-1-R ctegagtgeggecgeaagctGAAATTCATATTGTGGCAAATGC 309-329
HbpA4-2-2 HbpA4-2-2-F gecatggctgatatcggatccTATAACCCGCATTTGCCACA
pA&-= HbpA4-2-2-R ctegagtgeggecgeaagcttGTGCCAATAATGCTTTTGCTTTT 320-339
HbpA4-2-3 HbpA4-2-3-F gecatggetgatatcggatcc AACTTGGAAAAAGCAAAAGCATT
PA%e HbpA4-2-3-R ctegagtgeggecgeaagcttGTTCAAAACCGTTTGGATAGCC 330-348
HbpAd-2-4 HbpA4-2-4-F gecatggctgatatcggatccGCAACCAATCCGTTCCCTG
pAd-e- HbpA4-2-4-R ctegagtgcggeegaagcttGTGCTTTTTCCAAGTTAAATTCATAT 309-334
HbpA42-5 HbpA4-2-5-F gecatggetgatatcggatccTTGCCACAATATGAATTTAACTTGG
pAZe HbpA4-2-5-R ctegagtgeggecgeaagcttGTTCAAAACCGTTTGGATAGCC 324-348

Restriction endonuclease sites: BamHI and HindIII (underlined). Lowercase letters are homologous recombination
fragments required for in-fusion cloning to the adjoining segments or vectors.

4.4. Western Blot

Western blot was used to test the reactivity of mouse anti-His mAb and mouse anti-GPS
hyperimmune serum against the rHbpA protein. Purified rHbpA and E. coli BL21(DE3) with
empty vector pET-28a(+) were subjected to 12.5% SDS-PAGE and then electrotransferred
onto a 0.22 um PVDF membrane. The membrane was blocked with 5% skim milk in TBST
at room temperature (RT) for 2h and then incubated with mouse anti-His mAb (1: 5000)
or mouse anti-GPS hyperimmune serum (1:200) overnight at 4 °C. The membrane was
washed three times with TBST and then incubated with HRP-conjugated goat anti-mouse
IgG (1:5000) at RT for 1 h. Finally, the membrane was washed four times with TBST, and
the reaction results were visualized using enhanced chemiluminescence reagents (ECL;
Bio-Rad, Boulder, CO, USA).

Western blot was also carried out to detect the specificity of mAb 5D11. The lysates
of all 15 serotype reference strains of GPS and other seven species (APP, PM, SS, SC, SA,
ETEC, and ER) were subjected to SDS-PAGE. The mAb 5D11 (1:500) was used as the
primary antibody.

Western blot was also used to detect the reactivity of mAb 5D11 with truncations of
the HbpA protein. To identify whether the epitope recognized by mAb 5D11 was linear,
the truncated proteins were denatured, as previously described [28]. Briefly, the truncated
proteins were mixed with 6 x protein-loading buffer with DTT (TransGen Biotech, Beijing,
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China) and then heated for 8 min at 95 °C; this procedure fully denatured the secondary
structure. Then, the truncations of the HbpA protein were subjected to SDS-PAGE and
were tested with the mAb 5D11 (1:500) or mouse anti-His mAb (1:5000) using Western blot.

4.5. Production and Subtype Identification of Anti-rHbpA Protein mAbs

Monoclonal antibodies were prepared for epitope mapping. Anti-rHbpA protein
mAbs were produced as follows: Six-week-old female BALB/c mice purchased from
Chengdu Dossy Experimental Animal Co, Ltd., Chengdu China, were inoculated via
subcutaneous injection with purified rHbpA protein (100 ng/mouse) mixed with an equal
volume of Montanide Gel 01 PR adjuvant (Montanide, SEPPIC, Puteaux, France). Mice were
boosted twice, at 2-week intervals, with the same immunogen and adjuvant. Pre-immune
serum samples were taken from all mice and tested for reactivity against rHbpA by indirect
ELISA. Three days before cell fusion, mice with the highest antibody titer were inoculated
via subcutaneous injection with only purified rHbpA protein (100 pg/mouse). Three days
after the final boost, mice were sacrificed, and spleens removed. Next, splenocytes were
fused with Sp2/0 Agl4 cells using polyethylene glycol (PEG 1500; Sigma, Ronkonkoma,
NY, USA). Following fusion, hybridomas were diluted into 96-well plates and cultured in
hypoxanthine-aminopterin-thymidine (HAT)-DMEM selection medium. After 7 days, half
of the medium was removed and replaced with fresh HAT-DMEM medium. After 13 days,
the medium was removed and replaced with a hypoxanthine-thymidine (HT)-DMEM
medium. Reactive hybridomas were subcloned four times by limiting dilution, and culture
supernatants from individual hybridoma clones were screened for reactivity and specificity
with rHbpA by indirect ELISA.

Eight-week-old BALB/c mice were injected intraperitoneally with hybridoma 5D11,
and ascitic fluid was collected and purified using the octylic acid ammonium sulfate method
(CA-AS). Subtype classes of mAbs were identified using a Mouse Monoclonal Antibody
Isotype ELISA Kit (Proteintech, Chicago, IL, USA), according to the manufacturer’s protocol.
This approach produced one mAb against rtHbpA protein, named mAb 5D11.

4.6. Indirect ELISA

Indirect ELISA was performed to test the reactivity of culture supernatants from
individual hybridoma clones against the rHbpA protein. Briefly, the wells of a 96-well
ELISA plate were coated with 1 pg/well of rHbpA protein overnight at 4 °C. The next
day, the wells were rinsed three times with PBST (1 x PBS with 0.05% Tween 20) and then
blocked with 5% (w/v) skim milk (PBST as diluent) for 2 h at 37 °C (200 pnL/well). Next,
the wells were rinsed three times with PBST and then incubated with the supernatant
of hybridoma culture for 1 h at 37 °C (100 pL/well). At the same time, the serum from
immunized and nonimmunized mice served as either positive or negative controls. Then,
wells were rinsed again and incubated with HRP-conjugated goat anti-mouse IgG (1:5000,
Sigma, USA) for 30 min at 37 °C (100 uL/well). After the final rinsing, wells were incubated
with 100 pL tetramethylbenzidine (TMB, Tian Gen, Tianjin, China) for 15 min, and color
development was stopped with 50 uL 2M H,SO;. Finally, the ODy5p was read by an ELISA
plate reader (Bio-Rad, Boulder, CO, USA). When the ratio of the positive value (P) to the
negative value (N) was greater than 2.1 (P/N > 2.1), the result was judged positive.

Indirect ELISA was also carried out to detect the reactivity of mAb 5D11 with trunca-
tions of the HbpA protein. The wells of a 96-well ELISA plate were coated with 1 ug/well
of truncated proteins as antigens. The mAb 5D11 (1:500) and negative controls were used
as primary antibodies. Other operations were as described above.

Keyhole limpet hemocyanin (KLH) was selected as the carrier protein. The identified
EP-5D11 conjugated KLH was synthesized (Sangon Biotech, Shanghai, China) at 1 mg/tube.
The EP-5D11 conjugated KLH was coated with 2 pug/well. The mouse anti-APP, anti-PM,
and anti-GPS hyperimmune serum were used as primary antibodies to detect the reactivity
with EP-5D11.
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4.7. IFA

In order to verify whether mAb 5D11 could recognize the G. parasuis in infected cells,
IFA was used. Sterile coverslips were placed into the bottom of 12-well plates and then
inoculated with PK-15 cells and 3D4/21 cells (80% well confluency). Half the wells were
inoculated with G. parasuis SHO165 at a dose of 10 MOI (1 x 10° cells vs. 1 x 107 bacteria),
and half were mock inoculated and then the cell plate was incubated at 37 °C for 2 h. After
post-infection, cells were washed three times with PBS and fixed with 4% formaldehyde
for 30 min. The supernatant of hybridoma culture (1:25) or mouse anti-GPS hyperimmune
serum (1:100) were used as the primary antibodies, and goat anti-mouse IgG/CY3 antibody
(1:500 in PBST, Sigma, USA) was used as the secondary antibody. Nuclei were stained with
DAPI (Solarbio, Beijing, China).

4.8. Identification of the Minimal 5D11 Epitope

To determine the minimal B-cell epitope recognized by mAb 5D11, seven peptides
spanning various lengths of aa 324-339 were commercially synthesized (GenScript, Nanjing,
China). The peptides were synthesized with standard F-moc-solid phase peptide synthesis
(GenScript, Nanjing, China). According to an assessment with high-performance liquid
chromatography (HPLC), the purity of the peptides was >95%. The amino acid sequence
of these peptides (P1-P7) is shown in Figure 4A,B. As previously described, the reactivity
of mAb 5D11 with the peptides was tested by dot-blotting. Specifically, peptides were
dissolved in DMSO (Solarbio, Beijing, China) to a concentration of 10 mg/mL for dot-
blotting, and 1 pL (10 pg) was spotted on the PVDF membrane.

4.9. Dot Blot Analysis

Dot-blot hybridization for the identification of linear epitopes was based on the method
described by Chen et al. 2017 [32]. Briefly, PVDF membranes were soaked in dimethyl
sulfoxide and then in methanol. A total of 1 uL (0.5 ng) of proteins and 1 pL (10 pug) of
peptides were spotted onto the activated membrane and then air-dried for 10 min at room
temperature. Protein denaturation reagents were omitted during sample preparation to
preserve the native conformation in the dot blot. After blocking with 2% BSA in TBST for
30 min at room temperature, mAb 5D11 was added in 2% BSA /TBST and incubated at
37 °C for 1 h. Next, the membrane was rinsed and then incubated with HRP-conjugated
goat anti-mouse IgG (1:5000) for 1 h at 37 °C. Finally, the membrane was washed four times
with TBST, and the reaction results were visualized using ECL.

4.10. Alignment Analysis

In order to determine the specificity and conservation of the identified epitope by mAb
5D11 among G. parasuis strains, we aligned the identified epitope with proteins available in
GenBank and analyzed it by MEGA.

4.11. Three-Dimensional Structure Analysis

The 3TPA.1 (G. Parasuis 29755 strain) template in Protein Data Bank (PDB) was selected
for G. parasuis HbpA protein epitope analysis. The results were generated using the PyMOL
molecular visualization system.

4.12. Statistical Analysis

The experiments were repeated three times. All statistical data were analyzed by
GraphPad Prism version 7.0 and expressed as mean £ SD. The differences among the
truncations of the HbpA protein were analyzed using one-way ANOVA. Statistical changes
were marked by **** p value < 0.0001.

5. Conclusions

In this study, rHbpA protein was successfully expressed, and three hybridoma cells
(named 5D11, 2H81, and 4F2, respectively) against HbpA protein were produced and
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screened. Among the three hybridoma cells, 5D11 had the highest binding affinity with
the HbpA protein and was chosen for further epitope mapping. The minimal epitope
(aa325-PQYEFNLEKAKALLA-339, named EP-5D11) recognized by mAb 5D11 was defined
as the highly conserved linear B-cell epitope. Therefore, mAb 5D11 and its defined linear
epitope EP-5D11 could be used for applied research associated with G. parasuis diagnosis.
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