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Adhesion Protein ApfA of Actinobacillus pleuropneumoniae Is
Required for Pathogenesis and Is a Potential Target for Vaccine
Development

Yang Zhou, Lu Li, Zhaohui Chen, Hong Yuan, Huanchun Chen, Rui Zhou

Division of Animal Infectious Diseases in the State Key Laboratory of Agricultural Microbiology, College of Veterinary Medicine, Huazhong Agricultural University, Wuhan,
China

Actinobacillus pleuropneumoniae is the etiologic agent of porcine pleuropneumonia, which causes serious economic losses in
the pig farming industry worldwide. Due to a lack of knowledge of its virulence factors and a lack of effective vaccines able to
confer cross-serotype protection, it is difficult to place this disease under control. By analyzing its genome sequences, we found
that type IV fimbrial subunit protein ApfA is highly conserved among different serotypes of A. pleuropneumoniae. Our study
shows that ApfA is an adhesin since its expression was greatly upregulated (135-fold) upon contact with host cells, while its dele-
tion mutant attenuated its capability of adhesion. The inactivation of apfA dramatically reduced the ability of A. pleuropneumo-
niae to colonize mouse lung, suggesting that apfA is a virulence factor. Purified recombinant ApfA elicited an elevated humoral
immune response and conferred robust protection against challenges with A. pleuropneumoniae serovar 1 strain 4074 and sero-
var 7 strain WF83 in mice. Importantly, the anti-ApfA serum conferred significant protection against both serovar 1 and serovar
7 in mice. These studies indicate that ApfA promotes virulence through attachment to host cells, and its immunogenicity renders

it a promising novel subunit vaccine candidate against infection with A. pleuropneumoniae.

A ctinobacillus pleuropneumoniae is a Gram-negative bacterium
that causes porcine pleuropneumonia, a highly infectious fa-
tal respiratory disease of pigs (1). The A. pleuropneumoniae organ-
ism is transmitted via respiratory droplets or through direct con-
tact. It colonizes the epithelial cells of the lower respiratory tract of
pigs (1,2). The infected animals develop disease symptoms such as
chronic necrotizing pneumonia, acute fibrinous pneumonia, and
pleuritis with high mortality, which leads to large economic losses
in the pig farming industry worldwide (3).

A total of 15 serotypes of A. pleuropneumoniae have been iden-
tified on the basis of their capsular and lipopolysaccharide (LPS)
antigens (3). Although their virulence and regional prevalence
vary, all the serotypes cause disease, and with the growing emer-
gence of antibiotic resistance and the rising concern about food
safety, vaccination to prevent A. pleuropneumoniae infections is of
increasing relevance (2, 4). However, the diverse genetic makeup
of A. pleuropneumoniae poses difficulties for developing a univer-
sally effective vaccine against this organism. The first commercial
vaccines were killed bacterins, which are able to reduce the mor-
tality caused by A. pleuropneumoniae infection but often fail to
prevent severe morbidity (5). Bacterin-induced immunity is sero-
type specific; thus, protection can be achieved only for the sero-
types which are contained in the vaccine (6). In contrast, natural
or experimental infection with A. pleuropneumoniae generally
elicits protection against homologous and heterologous serotype
infections in pigs (7). The limited protection elicited by bacterins
may be due to the absence of secreted or in vivo-induced immu-
nogenic proteins or to alteration of the antigenic potency of cer-
tain bacterial antigens by the inactivation treatment (4). There-
fore, developing vaccines by targeting the immunogenic proteins
which provide cross-serovar protection may be an appropriate
vaccine development direction for A. pleuropneumoniae.

Some key virulence factors of A. pleuropneumoniae, such as the
ApxA exotoxins, the outer membrane proteins (OMP), and iron-
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acquisition factors, have previously been tested as subunit vac-
cines (4). Among these subunit vaccine candidates, the Apx exo-
toxins are virulence factors that play a predominant role in the
pathogenesis of A. pleuropneumoniae. Four different Apx exotox-
ins (ApxI, ApxIl, ApxIIl, and ApxIV) have been found to be se-
creted by A. pleuropneumoniae. The ApxI, ApxIl, and ApxIII tox-
ins, which are secreted in different combinations by different
serotypes, are strongly immunogenic and induce protective im-
munity (4). Since each of the Apx exotoxins confers only partial
protection against porcine pleuropneumonia and the distribution
of Apx exotoxins varies among the different serotypes, the current
commercial vaccine (Porcilis APP, Intervet, Holland) is com-
posed of three toxoids—ApxI, ApxIl, and ApxIII—and one 42-
kDa outer membrane protein. This subunit vaccine is effective at
preventing acute disease, but it neither protects effectively against
colonization nor confers cross-serotype protection (8).
Therefore, identifying novel and conserved antigens is crucial
for vaccine development. Recent advances in genomic technolo-
gies and bioinformatics make it possible to perform global profil-
ing of conserved outer membrane proteins (9). Analyzing the
available 12 genomic sequences of different serotype A. pleuro-
pneumoniae strains (10-12), we found that type IV fimbrial sub-
unit protein ApfA was present in all these strains. Importantly,
ApfA is highly conserved among these serotypes. Fimbriae are
common mediators of bacterial adhesion to host mucosal epithe-
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TABLE 1 Characteristics of bacterial strains and primers used in this study

Strain, plasmid, or primer

Relevant characteristics or sequence

Source or reference

Strains
4074 A. pleuropneumoniae reference strain of serovar 1, apfA positive P. Blackall
WE83 A. pleuropneumoniae reference strain of serovar 7, apfA positive P. Blackall
40742 A. pleuropneumoniae 4074 apfA mutation strain This work
C40748™" A. pleuropneumoniae apfA complementary strain This work

Plasmids
pET-30a(+) Expression vector, kanamycin resistant Novagen
pIN105-s0dC Shuttle vector pJN105 with a sodC promoter, gentamicin resistant 17
pEMOC2 Suicide vector, chloramphenicol resistant 18

Primers
apfA0l 5'-CGTACGGTCGACGAATTGATGATCGTGATTGC-3' This work
apfA02 5'-CGCTAGGCGGCCGCTAAGTCCTCCCCTTTACATT-3' This work
apfA03 5'- CGTACGGAATTCATGCAAAAACTAAGTCTTATTC-3' This work
apfA04 5'- CGCTAGTCTAGATTAATTTGATGCGCAGAAATT-3’ This work
apfA05 5'-CGTACGGAATTCTTTACTTTAATTGAATTGATGAT-3’ This work
apfA06 5'-CGCTAGGTCGACTTAATTTGATGCGCAGAAATT-3’ This work
apfA-S 5'-CGAGATCTGCATATATAACACCG-3’ This work
apfA-A 5'-CAGAAATTTGCCGGAAATAAAC-3’ This work
apfB-S 5'-TTCGGGAAGACCAACAAACA-3’ This work
apfB-A 5'-TAAACAGGCCGTCCAACACT-3' This work
apfC-S 5'-AACAAAGCGGGCGATTAGG-3' This work
apfC-A 5'-GGCACGATAAAAAGGAGCATG-3’ This work
ackA-S 5'-GCGGAAGATAACTACGAGGACG-3' This work
ackA-A 5'-AATGTTGAGTCGTCCGCAGTG-3' This work

lial cells. They make an important contribution to the pathogen-
esis of Gram-negative bacteria such as enteropathogenic and en-
terohemorrhagic Escherichia coli, Salmonella enterica serovar
Typhi, Pseudomonas aeruginosa, Legionella pneumophila, Neisseria
gonorrhoeae, Neisseria meningitidis, and Vibrio cholerae (13). Fim-
briae are involved in adhesion and colonization, biofilm forma-
tion, twitching motility, protein export, and DNA uptake (13).
We wondered whether ApfA also has such a function. Further-
more, fimbriae are usually highly immunogenic: fimbrial antigens
have been used successfully as subunit vaccine candidates against
bacterial pathogens, including Moraxella bovis, Dichelobacter no-
dosus, and enterotoxigenic Escherichia coli (ETEC) (14-16).
Hence, the potential of ApfA as a vaccine candidate for preventing
infection from different A. pleuropneumoniae serotypes is worthy
of further investigation.

In this study, we investigated the ability of ApfA to adhere to
host cells and its involvement in colonizing the lower respiratory
tract. ApfA was further tested in active and passive immunizations
to determine whether it could confer cross-serotype protection
against both serovar 1 and serovar 7 infections, which are the most
prevalent serotypes in China (11).

MATERIALS AND METHODS

Strains and media. The bacterial strains used in this study are listed in
Table 1. A. pleuropneumoniae 4074 was used for isolation of genomic
DNA. A. pleuropneumoniae 4074 (serovar 1) and WF83 (serovar 7) strains
were used for challenge experiments. All A. pleuropneumoniae strains were
grown in tryptic soy broth (TSB) or on tryptic soy agar (TSA) (Difco
Laboratories, Detroit, MI) supplemented with 10% (vol/vol) filtered cat-
tle serum and 10 pg/ml of NAD when necessary. For screening A. pleuro-
pneumoniae apfA mutant, 5 pg/ml chloramphenicol was added to the
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above media. For the selection of complementation strains, 25 pg/ml
gentamicin was added to the same media.

qRT-PCR. Quantitative real-time PCR (qRT-PCR) assays were per-
formed to compare the expression of type IV fimbriae cluster genes apfA,
apfB, and apfC of A. pleuropneumoniae in contact or without contact with
St. Jude porcine lung (SJPL) cells (kindly donated by Robert G. Webster,
St. Jude Children’s Research Hospital). This cell line has been used as a
model of porcine lung epidermal cells (19, 20), although recent findings
indicated that the SJPL cell line is not of porcine origin (21). The protocol
used for A. pleuropneumoniae cultured alone or cocultured with SJPL cells
was as previously described (22). Three biological samples were included.
The total RNA was extracted using an SV total RNA isolation system
(Promega, WI). The cDNAs were synthesized using the reverse transcrip-
tase XL and random primer (TaKaRa, Dalian, China). Each cDNA sample
was used as a template for a qRT-PCR, and the amplification mixture
contained SYBR green (TaKaRa) and primers of apfA (apfA-S/-A), apfB
(apfB-S/-A), apfC (apfC-S/-A), or the internal control ackA (ackA-S/-A)
(23) (Table 1). Amplification and detection were performed using an
ABI PRISM 7500 sequence detection system, and all reactions were
done in triplicate. For each run, to normalize the amount of sample
cDNA, the threshold cycle (C;) value of the endogenous control ackA
gene was subtracted from the Cj value of the target gene (AC, =
Cr target gene — C7 acka)- To compare the target gene expression levels
between the bacterial organisms that had contacted with cell lines and
those had not contacted with cell lines, the following formula was used:
AACT = ACT with cell contact ACT without cell contact* The fold Changes
were expressed as 2~ *CT. Data represent means * standard devia-
tions (SD) of the results of triplicate reactions for each gene transcript.

Construction of apfA mutant and complementary strains. The strat-
egy used for inactivation of apfA in A. pleuropneumoniae was described
previously (24). A 360-bp DNA fragment of apfA (encoding amino acid
residues 5 to 124) was amplified from the genomic DNA of A. pleuropneu-
moniae strain 4074 with a pair of primers of apfA01 and apfA02 (Table 1).
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The resultant PCR product was cloned into suicide plasmid pEMOC2
using Sall and Notl, creating an insertional plasmid, which was then elec-
troporated into wild-type (wt) A. pleuropneumoniae 4074. The recombi-
nants were selected on TSA plates containing 5 pg/ml chloramphenicol.
The resultant 4074*%" mutant strain was verified to have the plasmid
inserted into the apfA locus by PCR and DNA sequencing analyses. To
construct the complementary strain, the full-length apfA with its signal
peptide sequence was amplified with primers apfA03 and apfA04 (Table 1).
The PCR product was cloned between the EcoRI and the Xbal sites of the
shuttle vector pJN105-sodC (17). The recombinant plasmid was con-
firmed by DNA sequencing and then electroporated into the 4074294
strain, and the transformants were selected on TSA plates containing gen-
tamicin and chloramphenicol. The complementary strain was confirmed
by PCR and reverse transcription-PCR analyses, and this complementary
strain was termed C4074%%/4,

Cell adhesion and inhibition assays. The SJPL cell line and porcine
iliac artery endothelial cell line (PTIEC cells; Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences, China) were used to test the
ability of adhesion of A. pleuropneumoniae. To quantify the adhesion of
the different strains to both cell lines, 2.5 X 10 cells were seeded to wells
of 24-well tissue culture plates (Corning, Inc., Corning, NY) and incu-
bated overnight. The three bacterial strains, wt strain 4074, mutant strain
40742972 and complementary strain C40742%? of A. pleuropneumoniae,
were resuspended in the adequate cell culture medium to a bacterial den-
sity of 2.5 X 10° CFU/ml. A 1-ml volume of this suspension was added to
each well at a multiplicity of infection (MOI) of 10:1, and the plates were
incubated for 2 h. Nonadherent bacteria were removed by washing four
times with sterile Dulbecco’s phosphate-buffered saline (DPBS). Cells
with adherent bacteria were released from the wells by adding 100 pl of
0.25% trypsin—EDTA (Gibco, Grand Island, NY) and suspended in 900 pl
DPBS. Serial dilutions were performed by plating diluted cells on TSA
plates to determine the number of bacteria that adhered to the host cells.

In an adhesion inhibition assay, before A. pleuropneumoniae 4074 was
added, host cells were cultured with 100 pg/ml of purified recombinant
ApfA (rApfA) or bovine serum albumin (BSA) for 2 h at 37°C in 5% CO.,.
After incubation with rApfA, the host cells were washed three times with
sterile DPBS before the adhesion assay.

Confocal microscopic observation of adhesion. To facilitate micro-
scopic observation, SJPL cell monolayers were prepared by growing cells
on sterile glass coverslips in 24-well tissue culture plates (Corning). Mean-
while, bacteria were labeled with carboxyfluorescein diacetate succinimi-
dyl ester (CFDA SE) according to the manufacturer’s instructions (CFDA
SE cell proliferation assay and tracking kit; Beyotime Institute of Biotech-
nology, Hangzhou, China). CFDA SE passively diffuses into cells. Its ace-
tate groups are cleaved by intracellular esterases to yield highly fluorescent
carboxyfluorescein succinimidyl ester that binds covalently to proteins,
forming green fluorescent conjugates. The labeled bacteria were then
added to each well and incubated for 1 h. After that, slides were washed
three times with DPBS to remove the nonadherent bacteria. The cell
monolayers were fixed in 4% paraformaldehyde, and incubated for 10
min at room temperature. Afterward, the cells were permeabilized with
0.5% Triton X-100 for 5 min. Subsequently, cells were stained with the
fluorescent dye 4',6’diamidino-2-phenylindole (DAPI; Beyotime Insti-
tute of Biotechnology) for 4 min at room temperature. Finally, the cells
were washed twice with DPBS and detected using a laser scanning confo-
cal microscope (LSCM; Carl Zeiss, Germany).

In vivo colonization assay. All the animal experiment protocols de-
scribed in the study were approved by the Laboratory Animal Monitoring
Committee of Huazhong Agricultural University and performed accord-
ingly. After challenge, animals were monitored for 10 days, and lethal
disease was recorded.

A total of six 6-week-old female BALB/c mice were randomly assigned
to two groups of three each. The mice in each group were inoculated
intraperitoneally (i.p.) with 2 X 10° CFU of wt 4074 or 4074%P4, At 24 h
postinfection, the intact lungs of three mice in each group were removed

February 2013 Volume 20 Number 2

Protection against A. pleuropneumoniae by ApfA

into 2 ml of DPBS and homogenized. Then, all samples were diluted and
plated onto TSA plates to determine the numbers of the live bacteria by
counting the bacterial CFU.

Cloning, expression, and purification of rApfA. The apfA gene with-
out the signal peptide sequence was amplified using primers apfA05 and
apfA06 (Table 1). The PCR product, digested with EcoRI-Sall (TaKaRa),
was cloned into the vector pET-30a (+) to obtain pET-30a-rApfA.

E. coli strain BL21 cells harboring the recombinant plasmid pET-30a-
rApfA were cultivated to the mid-log phase at 37°C, and then a final
concentration of 0.8 mM isopropyl-B-p-thiogalactoside (IPTG) was
added to the medium. After 3 h of induction, the cells were harvested by
centrifugation and resuspended in sterile DPBS. Cells were sonicated on
ice, and the recombinant protein was purified from inclusion bodies by
nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography, as de-
scribed in the QIAexpress manual (Qiagen, Valencia, CA). The purity and
quantity of the rApfA were determined by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and the Bradford method,
respectively. The purified protein was stored at —20°C.

ELISA. An enzyme-linked immunosorbent assay (ELISA) was per-
formed to test IgG titers as described previously (25). Microtiter plates
were coated with 250 ng/100 pl of purified rApfA at 4°C overnight, and
washed three times with washing buffer (PBS [pH 7.2] containing 0.05%
Tween 20). The plates were then blocked with 150 wl of 1% BSA for 1 h at
37°C, and treated with washing buffer. Serially diluted mouse sera (start-
ing at 1:100) were added and incubated for 30 min at 37°C. Detection of
bound IgG was achieved by incubating plates with IgG-horseradish per-
oxidase (IgG-HRP) (Southern Biotech, Birmingham, AL) diluted 1:5,000
in washing buffer for 30 min at 37°C, followed by adding 100 pl of the
activated substrate solution (sodium citrate buffer containing 1 mg/ml
3,3,5,5-tetramethylbenzidine and 0.03% H,0,). After incubation in dark
for 10 min, the reaction was stopped by adding 50 pl of 0.25% hydroflu-
oric acid to each well. The plates were read with an ELISA reader at 630
nm. Antibody titers were determined as the reciprocal of the dilution of
serum yielding 50% of the maximum optical density (OD) value above the
background.

ELISA was also applied to test whether ApfA can raise strong antibody
titers in A. pleuropneumoniae-infected piglets. Twenty convalescent-
phase serum samples from piglets infected with A. pleuropneumoniae (pig
farms in Hubei Province, China) were tested positive by an ApxITA-ELISA
kit (Wuhan Kegian Biological Products Co., Ltd., China). These samples
were then subjected to rApfA-based ELISA. Ten serum samples from
healthy piglets were used as the negative control.

Mouse immunization and challenge. A total of 60 BALB/c mice (6-
week-old females) were randomly assigned to three groups of 20 each. A
50-g volume of purified rApfA protein was emulsified with an equal
volume of Marcol 52 (Esso)-based adjuvant and was then administered to
the first group of mice by i.p. injection. Subsequent booster immunization
was given at day 14 post-primary immunization. The second group of
mice immunized with commercial inactivated A. pleuropneumoniae bac-
terin (Swine Infections Pleuropneumonia Trivalent Vaccine [serovar 1, 2,
and 7]; Wuhan Kegian Biological Products Co., Ltd.) was used as a posi-
tive control. The third group of mice was dosed with DPBS emulsified in
the same oil adjuvant and was used as a negative control. At day 14 post-
booster immunization, blood samples were drawn by tail vein bleeding
and 10 mice in each group were i.p. challenged with 1.5 X 10® CFU of A.
pleuropneumoniae WF83 (serovar 7) or 8 X 107 CFU of A. pleuropneumnio-
niae 4074 (serovar 1).

Passive protection assays. Passive immunization was performed as
previously described (25). Three groups of 20 6-week-old female BALB/c
mice were intravenously (i.v.) injected with 100 wl of anti-rApfA hyper-
immune serum, anti-bacterin hyperimmune serum, and control serum
from adjuvant immunized mice. At 24 h after immunization, 10 mice in
each group were i.p. challenged with 1.5 X 10® CFU of A. pleuropneumo-
niae WE83 (serovar 7) or 8 X 107 CFU of A. pleuropneumoniae 4074
(serovar 1).
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TABLE 2 Type IV fimbrial protein ApfA is conserved in A.
pleuropneumoniae reference strains of different serovars

% identity of ApfA in serovar:

Serovar 1 2 3 4 5b 6 7 9 10 11 12 13

1 100
2 100 100
3 100 100 100
4 100 100 100 100
5b 99 99 99 99 100
100 100 100 100 99 100
7 100 100 100 100 99 100 100
9 100 100 100 100 99 100 100 100
10 100 100 100 100 99 100 100 100 100
11 100 100 100 100 99 100 100 100 100 100
12 99 99 99 99 99 99 99 99 99 99 100
13¢ 100 100 100 100 98 100 100 100 100 100 98 100

“ Coverage = 44%.

Statistical analysis. Unless otherwise specified, data were presented as
the mean = SD. Comparisons between data sets were performed using the
t test. The survival rate was analyzed with the log rank (Mantel-Cox) test.
For all tests, statistical significance was defined at P < 0.05. The Prism
software program (Graph-Pad Software, Inc.) was used for all statistical
analyses.

RESULTS

The apfA gene is conserved among A. pleuropneumoniae sero-
vars. Ten genomes of A. pleuropneumoniae reference strains of
serovars 1,2, 3,4, 6,9, 10, 11, 12, and 13 were sequenced recently
by our laboratory (11, 12), and serovars 5b and 7 are available in
the NCBI database (10). We found that the apfA gene exists in all
these A. pleuropneumoniae serotypes. These sequences were
aligned via BLASTP, and the 12 A. pleuropneumoniae strains were
found to share a high amino acid sequence identity (>98%) for
ApfA protein (Table 2). Only in serovar 13 strain N273, ApfA has
a shortened peptide (coverage = 44%, identity = 100%, com-
pared with the serovar 1 sequence). This result suggests that AfpA
is highly conserved among the different A. pleuropneumoniae se-
rotypes.

The expression of apfA is enhanced by contact with host
cells. Fimbriae are common mediators of bacterial adhesion to
host mucosal epithelial cells, and the expression of fimbriae in A.
pleuropneumoniae is rapidly lost upon subculture (26). Here, we
examined whether the expression of apfA is involved in the inter-
action with the host following SJPL cell contact. A. pleuropneurmo-
niae strain 4074 was incubated with SJPL cells for 2 h, and the
expression of apfABC (the type IV fimbriae gene cluster) was de-
termined via QRT-PCR. The results show that the transcription of
apfA, apfB, and apfC was increased 135-fold (P < 0.01), 25-fold
(P < 0.01), and 11-fold (P < 0.01), respectively (Fig. 1A), com-
pared to control strain 4074 without contact with SJPL cells. The
significantly enhanced expression of the apfABC cluster suggests
that type IV fimbriae are deeply involved in the interaction be-
tween the bacteria and the host.

Type IV fimbriae are critical to mediating the adhesion of A.
pleuropneumoniae to host cells. Although previous reports on A.
pleuropneumoniae suggested that fimbriae are involved in adhe-
sion (2, 26, 27), no direct evidence had yet supported this hypoth-
esis. To determine whether A. pleuropneumoniae ApfA has a role
in adhesion, the apfA mutant strain (4074**") was examined for
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adhesion using the complementary strain (C4074*?) and wt
4074 as controls.

The adhesion capabilities of wt strain 4074, mutant strain
40742 and complementary strain C4074*%"* to SJPL and
PIEC cells were compared. The C4074%? strain exhibited a ca-
pability of adhering to SJPL and PIEC cells similar to that of wt
strain 4074, since these two strains had similar numbers of CFU
attached to cells per well (P > 0.05) (Fig. 1B). In contrast, the
407424 mutant lost 70% (P < 0.01) of wt strain 4074’s adhesion
to SJPL and 73% (P < 0.05) of its adhesion to PIEC cells. To
further determine the role of ApfA in the A. pleuropneumoniae
adhesion process, a laser scanning confocal microscopic observa-
tion was conducted. As expected, mutant strain 4074%%%
(Fig. 1E) had significantly fewer bacteria adhering to SJPL cells
than wt 4074 (Fig. 1D) or C4074*“"" (Fig. 1F).

To further investigate whether ApfA has a direct effect on the

>
w

10 6 B3 4074
[ E= +SJPLC -
® 102 EX Control = E& 4074
S 0 1B caor4 40—
< 3 4
P4 < *
% 101 E —
o (@)
= <o 21
§10° =
[0]
14
10 i
apfA apfB apfC PIEC SJPLC
Cc D
EZ& rApfA-treated
3 Control

10% CFU / well

PIEC SJPLC

FIG 1 The expression of type IV fimbriae is induced upon contact with host
cells, and ApfA mediates the adhesion of A. pleuropneumoniae to host cells. (A)
The relative mRNA levels of the apfA, apfB, and apfC genes were upregulated
after A. pleuropneumoniae 4074 was cocultured with SJPL cells (SJPLC), com-
pared to those of bacteria without cell coculture. The mRNA level was deter-
mined by qRT-PCR. (B) Adhesion capabilities of wt strain 4074, mutant strain
407447 and complementary strain C4074%? to SJPL and PIEC cells. (C)
Blockage of A. pleuropneumoniae adhesion to SJPL and PIEC cells by rApfA.
SJPL and PIEC cells were pretreated with rApfA (rApfA-treated) or BSA (Con-
trol) before being subjected to contact with bacteria. The data shown are
means * SD of data determined with triplicate samples of one experiment
representative of three independent experiments. The asterisks show signifi-
cant differences (*, P < 0.05; **, P < 0.01). Confocal microscopy showed the
adhesion of wt strain 4074 (D), mutant strain 4074*%"4 (E), and complemen-
tary strain C4074% (F) to SJPL cells. A. pleuropneumoniae cells were labeled
with CFDA (green fluorescence). SJPL cell nuclei were stained with DAPI (blue
fluorescence) (scale bars = 50 wm).
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FIG 2 ApfA mediates the colonization of lung by A. pleuropneumoniae. The
bacterial burdens in lungs of mice infected with wt strain 4074 or mutant strain
40742%/A were evaluated at 24 h postinfection. The data shown are represen-
tative of the results of one of three independent experiments. The asterisks
show significant differences (**, P < 0.01).

interaction of A. pleuropneumoniae with host cells, we conducted
an adhesion inhibition assay (Fig. 1C). When SJPL and PIEC cells
were pretreated with purified rApfA proteins, strain 4074 showed
reduced adhesion to these eukaryotic cells, suggesting that rApfA
proteins inhibit the adhesion capability of strain 4074. Taken to-
gether, these results indicate that type IV fimbriae are essential for
mediating the adhesion of A. pleuropneumoniae to host cells.

Mutant strain 4074*“?"* showed reduced colonization in
lung tissue. The colonization capabilities of wt strain 4074 and
mutant strain 4074*%”* were compared using a mouse model
(Fig. 2). Mice were inoculated with wt 4074 or mutant 4074,
Live bacteria were recovered from lung tissues at 24 h after infec-
tion. The number of CFU recovered from mice infected with wt
4074 (1.45 = 0.11 X 10° CFU/glung) was significantly higher than
that recovered from mice infected with mutant 4074%%4 (3.73 +
0.36 X 10° CFU/g lung) (P < 0.01), which suggests that a lack of
type IV fimbriae dampens the colonization capability of A. pleuro-
pneumoniae in lung tissue.

Piglets which have convalesced from A. pleuropneumoniae
infection exhibit positive anti-ApfA sera. The length without a
signal peptide sequence of gene apfA is 408 bp, which encodes a
protein of 136 amino acids with a predicted molecular mass of 15
kDa. This 408-bp apfA gene was fused to a His tag by cloning it to
plasmid pET-30a (+). Then pET-30a-rApfA was transformed to
E. coli (BL21) for rApfA synthesis. The rApfA proteins were puri-
fied via Ni-NTA affinity chromatography as previously described
(25) (Fig. 3A).

Since fimbriae are highly immunogenic and ApfA played an
important role in the A. pleuropneumoniae-host cell interaction
(Fig. 1), we further investigated whether ApfA serves as an im-
mune target in natural infection in pigs. Pig convalescent-phase
serum samples that tested positive and control serum samples that
tested negative in an ApxITA-ELISA kit (Wuhan Keqian Biological
Products Co., Ltd.) were examined in a rApfA-based ELISA. All of
the convalescent-phase sera showed significantly higher absor-
bance than the negative sera (P < 0.01) (Fig. 3B), which suggests
that infecting the piglets with A. pleuropneumonia stimulated
strong anti-ApfA immune responses, indicating that ApfA is a
potent immunogen.

Immunization with rApfA confers protection against lethal
infection with serovar 1 or 7. We assessed whether rApfA could
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FIG 3 Naturally infected piglets show high anti-ApfA immune responses. (A)
SDS-PAGE analysis of rApfA purified from E. coli cells. Left lane, protein
marker; right lane, protein rApfA (2 pg). (B) Piglets infected with A. pleuro-
pneumoniae show an elevated anti-ApfA immune response. The convalescent-
phase sera are serum samples from pigs infected with A. pleuropneumoniae,
and the negative sera are samples from healthy pigs. The anti-rApfA IgG level
was determined using ELISA. The asterisks show significant differences (**,
P <0.01).

raise a protective immune response against A. pleuropneumoniae
infection. Fourteen days after a booster immunization, serum
samples were collected and the IgG antibodies raised by rApfA
were determined using rApfA-based ELISA. Immunization with
rApfA induced significantly higher levels of anti-rApfA titers than
dosing with DPBS in mice (Fig. 4A, P < 0.01).

Next, a challenge study was performed to determine whether
ApfA induces protective immunity in mice. In this experiment,
commercial vaccine bacterin was included as a positive control.
Mice were immunized with rApfA, bacterin, or DPBS. At 2 weeks
post-booster immunization, they were challenged with a lethal
dose (1.5 X 10® CFU of strain WF83 or 8 X 107 CFU of strain
4074) of A. pleuropneumoniae (Fig. 4B and C). The survival per-
centages of mice were recorded for 5 days after the challenge. All
mice in the DPBS-dosed group developed anorexia and depres-
sion and died within 36 h of the challenge, while bacterin-immu-
nized mice all survived. The rApfA vaccine showed a 90% protec-
tive efficacy against wt strain 4074 (serovar 1) in mice, which is
significantly higher than that of DPBS (P < 0.01). For serovar 7
strain WF83, rApfA conferred 80% protection, which is also sig-
nificantly higher than that of the DPBS control (P < 0.01). These
results indicate that rApfA confers protection against infection
with either serovar 1 or serovar 7, similar to commercial bacterin.

Passive immunization with anti-rApfA serum protects mice
against lethal infection with serovar 1 or serovar 7. To determine
whether the protection was due to rApfA-stimulated humoral im-
munity, naive mice were passively immunized with anti-rApfA
serum via 1.v. injection. The results showed that the anti-rApfA
serum provided protection against both strain WF83 (serovar 7,
60%, P < 0.05) and strain 4074 (serovar 1, 40%, P < 0.01), while
the antibacterin serum provided mice 80% protection against
both strains (Fig. 5). In contrast, all mice administered a control
serum from adjuvant-immunized mice died within 24 h postchal-
lenge. These results indicate that the anti-rApfA serum could con-
fer cross-serotype protection.

DISCUSSION

The diversity among the 15 serotypes of A. pleuropneumoniae has
made it difficult to develop vaccines that are effective against mul-
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FIG 4 Immunization with rApfA protein protects mice against lethal challenges with strain 4074 (serovar 1) and strain WF83 (serovar 7). (A) A high level of
specific anti-rApfA IgG antibody was induced in mice by immunization with rApfA. (B and C) Survival of mice immunized with rApfA, bacterin (positive
control), and adjuvant (negative control) following i.p. infection with (B) strain 4074 (serovar 1) and (C) strain WE83 (serovar 7). The data shown are
representative of the results of one of three independent experiments; the survival data were analyzed using the log rank (Mantel-Cox) test. The asterisks show

significant differences (**, P < 0.01).

tiple serovars (4). The objective of this study was to find a univer-
sal virulence factor that can be used as an immune target so that
cross-serotype protection can be achieved. Our results show that
ApfA is an important adhesin to host cells and is also a promising
candidate for a subunit vaccine that confers cross-serovar protec-
tion against A. pleuropneumoniae challenges.

The inactivation of apfA significantly reduced the adhesion
capability of A. pleuropneumoniae to host cells, while the apfA
complementary strain had this capability restored. This demon-
strates that the type IV fimbriae of A. pleuropneumoniae are in-
volved in the process of adhesion to host cells (Fig. 1B). We no-
ticed that a few 407429 cells still attached to SJPL cells. This
observation implies that additional virulence factors may exist
and be involved in the adhesion of A. pleuropneumoniae to alveo-
lar epithelial cells. In fact, as an important initial step during in-
fection, previous reports showed that factors such as oligosaccha-
ride of LPS, 60-kDa outer membrane protein (OMP), 55-kDa
OMP (28), and the Flp pilus (29) are all involved in the adhesion
process. Since some adhesins are serotype specific or geographi-
cally distributed, diverse mechanisms may exist in different A.
pleuropneumoniae serotypes. For instance, our previous study
showed that the existence of Flp pili contributed to the adhesion
capability of some A. pleuropneumoniae strains (29). However,
serovar 9 and 11 strains which lack Flp pili could still adhere to
host cells and display hypervirulence, indicating the possible exis-
tence of other adhesins. In contrast to the genetic diversity, ApfA

was found to be highly conserved in different serotype strains.
This indicates that ApfA is likely a universal adhesion factor of A.
pleuropneumoniae.

Some adhesins have specific receptors on the surfaces of host
cells to facilitate the bacterium-host interaction. For instance, a
previous study found that transmembrane glycoprotein CD46,
which is present on all human cells except erythrocytes and is
involved in complement activation, is considered to be a pilus
receptor for N. gonorrhoeae (30). In A. pleuropneumoniae, LPS
showed specific patterns of binding to glycosphingolipids in respi-
ratory epithelial cells (31). In this study, we found that when host
cells were preincubated with rApfA, the adhesion of wt strain 4074
was significantly reduced (Fig. 1C). This implies that ApfA has a
specific host receptor or binding site on epithelial cells, although
further evidence is needed to verify this hypothesis.

Generally, the expression of bacterial surface appendages is
regulated precisely. Otherwise, formidable consequences would
result. This has been illustrated by the overexpression of ETEC
colonization factor antigen I (CFA/I) fimbriae (32) and flagella
(33), which resulted in a dramatic attenuation of wt Salmonella.
The expression of flagella, for example, has the potential to turn
on to provide a great advantage in the early stage of infection (34)
and then turn off to minimize host recognition once infection is
established (35). Similarly, we found that the expression of type IV
fimbriae is accurately regulated. Gene apfA was upregulated when
A. pleuropneumoniae bacilli came in contact with epithelial cells
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FIG 5 Serum from mice immunized with rApfA afforded passive protection against lethal challenges with strain 4074 (serovar 1) and strain WF83 (serovar 7).
Serum against rApfA or bacterin significantly increased the survival rates after a challenge with (A) strain 4074 (serovar 1) or (B) strain WF83 (serovar 7), while
control mice immunized with serum from adjuvant-immunized mice all succumbed to infection. The data shown shown are representative of the results of one
of three independent experiments; the survival data were analyzed using the log rank (Mantel-Cox) test. The asterisks show significant differences (*, P < 0.05;

>, P<0.01).
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(Fig. 1A), suggesting that A. pleuropneumoniae also has a delicate
regulation mechanism governing the expression of apfA. This re-
sult is in accordance with a previous study, which showed that the
type IV fimbrial promoter is induced upon contact with host cells
via the luxAB reporter system (22). Besides, two recent studies that
looked at A. pleuropneumoniae gene expression during natural
and experimental infections in pigs also indicated the upregula-
tion of genes coding for type IV fimbriae (36, 37).

Colonization, the ability of a pathogen to adhere to host cells
and multiply within the host, is often a prerequisite for the devel-
opment of disease (1). To further verify the contribution ApfA
makes to A. pleuropneumoniae colonization of the lower respira-
tory tract, we examined lung samples from mice infected with wt
4074 and mutant 4074*%?* at 24 h postinfection (Fig. 2). The
results showed that mutant strain 4074*% is less capable of col-
onizing lung than wt 4074, suggesting that AfpA is a critical colo-
nization factor. In addition, serum samples from convalescent and
healthy pigs were tested with a rApfA-based ELISA. The level of
the specific anti-rApfA IgG antibody was significantly higher in
convalescent-phase sera than in the sera of healthy pigs, which
confirms the high immunogenicity of ApfA. Thus, ApfA has the
potential to be developed as a subunit vaccine against A. pleuro-
pneumoniae. Considering that antigenic variation of the pilin sub-
unit can be an important obstacle to the development of an effec-
tive pilus-based vaccine for cross-protection, as in Neisseria
gonorrhoeae (38), the conserved ApfA of A. pleuropneumoniae has
the potential to be developed as a cross-serovar protective vaccine.

Our results demonstrate that the vaccination of mice with
rApfA provides 80% to 90% protection against lethal challenges
with two distinct A. pleuropneumoniae serotype strains. This
shows that ApfA is a valuable candidate for a subunit vaccine and
deserves further evaluation in pigs. Currently, the single-antigen
vaccines that have been tested in pigs are not desirable. For in-
stance, although immunization with recombinant ApxIIA or
TbpB proteins induced a strong humoral immune response in
pigs, and a significant increase in survival was achieved in pigs
challenged with the A. pleuropneumoniae serovar 7 strain, these
immunized pigs were not protected against an A. pleuropneumo-
niae serovar 1 challenge (39). In another study, rApxIVA, which
exists in all A. pleuropneumoniae strains and is expressed only in
vivo, was used for vaccination. Vaccinated pigs challenged with
either serovar 1 or serovar 2 showed severe respiratory symptoms
and lung lesions, similar to those of the animals in the control
group, despite the highly homologous sequence in different sero-
types and high antibody titers against rApxIVA (40).

Since single antigens often provide only partial protection
against A. pleuropneumoniae infection, multiantigen subunit vac-
cines may have enhanced protective efficacy. For instance, pigs
receiving a mixture of ApxIIA and TbpB proteins had a tendency
to recover faster than those that were vaccinated with only one
protein (39). Thus, we anticipate that rApfA will improve protec-
tion upon its addition to a multiantigen subunit vaccine. A recent
publication showed that the immunization of pigs with a com-
bined hexa-antigen vaccine consisting of rApfA, rApxIA, rApxIIA,
rApxIIIA, rApxIVA, and rTbpB proteins provided protective im-
munity against heterogeneous A. pleuropneumoniae serovar 9 in-
fection at a significantly higher level than that acquired upon vac-
cination with the penta-antigen subunit vaccine without rApfA
(41). Thus, the addition of rApfA may improve the protective
efficacy of the currently used vaccines. However, adding rApfA
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coupled with rApxIV to a tetra-antigen vaccine did not improve
its protective efficacy against a high-dose intranasal challenge with
A. pleuropneumoniae serovar 1 or 2 in mice (42). So far, no pro-
tective efficacy in mice is available for ApxIV; it is difficult to
estimate the contribution of rApfA to an elicited immune re-
sponse because rApxIV is involved at the same time. Nevertheless,
in agreement with a recent study showing that a DNA vaccine
encoding ApfA conferred partial protection against serovar 2 in-
fection in mice (43), our passive immunization shows that the
anti-rApfA serum alone can provide significant protection against
alethal challenge with A. pleuropneumoniae serovar 1 or 7 in mice.

Despite high antibody titers against rApfA, the vaccination of
mice with rApfA alone provided effective but not full protection
against a lethal challenge with A. pleuropneumoniae. Unlike the
antigenic variation in pili in other organisms (38), apfA was con-
served in all the sequenced serotypes. Therefore, the observed par-
tial protection of immunized animals against pleuropneumonia
was not due to variation in pilin antigens. A more plausible expla-
nation is that, although ApfA-specific antibodies markedly inhibit
the pilus-mediated binding of A. pleuropneumoniae to alveolar
epithelial cells, some additional components contribute to bacte-
rial colonization. The efficiency of providing 80% to 90% protec-
tion by immunization with rApfA is considerable, indicating the
importance of ApfA in virulence despite the existence of other
adhesion mechanisms. In light of its performance in mice, our
laboratory will test the protective efficacy of ApfA in pigs to deter-
mine whether it can serve as a useful vaccine for livestock.

In conclusion, we have shown that the type IV fimbria is not
only important in the adhesion of A. pleuropneumoniae to host
cells but is also an important virulence factor in colonization.
Moreover, our results demonstrate that immunization with
rApfA induced a mouse-specific serum antibody response that
reduced the mortality of mice after different A. pleuropneumoniae
serotype challenges. Thus, rApfA is a promising candidate for a
vaccine to be included in the next generation of subunit vaccines
that provide cross-serovar protection against porcine pleuro-
pneumonia.
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