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T no puedes volver atras
porque la vida ya te empuja
como un aullido interminable,
interminable.

Te sentiras acorralada,

te sentiras perdida o sola,

tal vez querras no haber nacido,
no haber nacido.

pero tu siempre acuérdate
de lo que un dia yo escribi
pensando en ti,

pensando en ti

como ahora pienso.

La vida es bella, ya veras
como a pesar de los pesares
tendras amigos, tendras amor,
tendras amigos.

Un hombre solo, una mujer
asi tomados, de uno en uno
son como polvo, no son nada,
no son nada.

Entonces siempre acuérdate
de lo que un dia yo escribi
pensando en ti, pensando en ti
como ahora pienso.

Nunca te entregues ni te apartes
junto al camino, nunca digas

no puedo mas y aqui me quedo,
aqui me quedo.

La vida es bella, ti veras
como a pesar de los pesares
tendras amigos, tendras amor,
tendras amigos.

Y siempre, siempre acuérdate
de lo que un dia yo escribi
pensando en ti como ahora pienso.

Palabras para Jilia,
José Agustin Goytisolo, 1979
Musica i adaptacié Paco Ibdnez
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SUMMARY

Haemophilus parasuis, a member of the family Pasteurellaceae, is a colonizer of the
upper respiratory tract of healthy pigs and the etiological agent of Glasser’s
disease. Differences in virulence among H. parasuis strains have been widely
observed by different tests, including in vivo infections and in vitro phagocytosis

assays with porcine alveolar macrophages (PAMs).

The pathogenicity of the strains has been correlated with resistance to
phagocytosis, but the bacterial factors implicated are not known. To identify
virulence factors involved in phagocytosis resistance, a genomic library of the
virulent reference strain Nagasaki was produced and exposed to PAMs. After
incubation with PAMs, two clones carrying two different virulent-associated
trimeric autotransporters (VtaA), vtaA8 and vtaA9, were selected. The role of these
molecules was further investigated and a reduction in the interaction of the two
clones with the macrophages was detected by flow cytometry. Monoclonal
antibodies (mAb) produced against the recombinant VtaA8 and VtaA9 proteins
demonstrated the presence of these proteins on the bacterial surface of the
corresponding clone. The same mAb also detected the proteins on the surface of H.
parasuis phagocytosis-resistant strain PC4-6P, but not on the non-virulent strain
F9. The effect of VtaA8 and VtaA9 in the trafficking of the bacteria through the
endocytic pathway was examined by fluorescence microscopy and a delay was
detected in the localization of the vtaA8 and vtaA9 clones in acidic compartments.
Although VtaA8 and VtaA9 delayed phagocytosis, were not sufficient to completely
inhibit the process. These results are compatible with a partial inhibition of the
routing of the bacteria via the degradative phagosome. Finally, antibodies against a
common epitope in VtaA8 and VtaA9 were opsonic and promoted phagocytosis of
the phagocytosis-resistant strain PC4-6P by PAMs. Taken together, these results
indicate that VtaA8 and VtaA9 are surface proteins that play a role in phagocytosis

resistance of H. parasuis.

Infection of snatch farrowed, colostrum-deprived piglets with different strains of
H. parasuis demonstrated differences in the degree of virulence. We used four
strains of H. parasuis: reference virulent strain Nagasaki, reference non-virulent

strain SW114, and field strains IT29205 (from systemic lesion and virulent in a



previous challenge) and F9 (from nasal cavity of a healthy piglet). The infection
was performed intranasally with 107-108 CFU per animal. Two non-infected
animals served as controls. At different times after infection (1, 2, 4 and 7 days
post-infection [dpi]), two animals of each group were euthanized and
bronchoalveolar lavages and sera were collected. Alveolar macrophages were
analyzed for the expression of surface markers CD163, CD172a, SLAI, SLAII,
sialoadhesin, CD14 and SWC8 by flow cytometry. The phenotype of macrophages
changed along with the infection depending on the virulence of the strain. At early
time-points (1 dpi), non-virulent strains SW114 and F9 induced higher expression
of CD163, sialoadhesin, SLAIl and CD172a than virulent strains Nagasaki and
IT29205. At 2 dpi, the situation switched to a strong induction of expression of
CD172a, CD163 and sialoadhesin by the virulent strains, which was followed by a
steep increase in IL-8 and soluble CD163 at 3-4 dpi. The early delay in macrophage

activation by virulent strains may be critical for disease establishment.

The association between the delay produced by VtaA8 and VtaA9 in the endocytic

route and the delay in macrophage activation needs further study.



RESUM

Haemophilus parasuis és un bacteri de la familia Pasteurellaceae. Es un
colonitzador del tracte respiratori superior en animals sans i 'agent etiologic de la
malaltia de Glasser. Les soques de H. parasuis presenten diferencies en virulencia,
que han estat observades tant en infeccions in vivo com en proves de fagocitosi in

vitro amb macrofags alveolars porcins (PAMs).

La patogenicitat de les soques ha estat correlacionada amb la resistencia a la
fagocitosi, pero els factors de viruléncia implicats son desconeguts. Per la
identificacié dels factors implicats en la resisténcia a la fagocitosi, es va generar
una llibreria genomica de la soca virulenta de referencia Nagasaki. De la incubacié
d’aquesta llibreria amb PAMs, es varen seleccionar dos clons amb gens codificant
dos autotransportadors trimetrics associats a virulencia (VtaA), vtaA8 i vtaA9.
Mitjancant citometria de flux, es va aprofundir en el paper d’aquestes molecules en
ambdos clons, els quals van mostrar una menor interacci6 amb els PAMs. La
produccié d’anticossos monoclonals (mAb) contra les proteines recombinants
VtaA8 i VtaA9 van permetre determinar-ne la localitzacio a la superficie dels clons.
Els mateixos mAb detectaren aquestes proteines a la superficie de la soca resistent
a la fagocitosi PC4-6P, pero no a la soca avirulenta F9. Addicionalment, estudis amb
microscopia de fluorescencia varen determinar l'efecte de VtaA8 i VtaA9 en el
transport a la ruta endocitica, tot detectant un retard en la co-localitzaci6 dels
clons vtaA8 i vtaA9 amb compartiments acids. Aquests resultats s6n compatibles
amb una inhibicié parcial del transport del bacteri a través de la degradaci6 per
fagosoma. Finalment, els anticossos contra un epitop comu a VtaA8 i VtaA9 van ser
opsonitzadors i varen promoure la internalitzacié de la soca resistent a la
fagocitosi PC4-6 pels PAMs. Globalment, aquests resultats indiquen que VtaA8 i

VtaA9 sén proteines de superficie i juguen un paper en la resisténcia a la fagocitosi.

La infecci6 de garrins privats de calostre nascuts de part natural amb soques de H.
parasuis va mostrar diferéncies en el grau de viruléncia. Es varen emprar quatre
soques de H. parasuis: les soques de referencia virulenta Nagasaki i avirulenta
SW114, la soca de camp IT29205 (obtinguda d’una lesié i virulenta en una infeccid
anterior) i la soca F9 (aillada de la cavitat nasal d’un garri sa). Els animals es varen

inocular per via intranasal amb 107-108 CFU per individu. Dos animals no infectats



s’utilitzaren com a controls. A diferents temps (1, 2, 4 i 7 dies post-infeccié [dpi]),
dos animals de cada grup es varen eutanasiar, i es varen prendre mostres de serum
i del fluid bronquialveolar. Mitjangant citometria de flux, es varen analitzar els
macrofags alveolars avaluant l'expressié dels marcadors de superficie CD163,
CD172a, SLAI, SLAII, sialoadhesina, CD14 i SWCS8. En funcié de la viruléncia de la
soca es varen poder observar canvis en el fenotip dels macrofags. A la fase inicial
de la infecci6é (1 dpi), les soques no virulentes SW114 i F9 varen induir major
expressié de CD163, sialoadhesina, SLAIl i CD172a que les soques virulentes
Nagasaki i 1T29205. A 2 dpi, la situacié canvia diametralment. Les soques
virulentes generaren una forta inducci6 de l'expressi6 de CD172a, CD163 i
sialoadhesina, seguida a continuacié d'un sobtat increment d’IL-8 i CD163 soluble
a 3-4 dpi. L’activacié primerenca dels macrofags per part de les soques virulentes

podria ser critica per originar malaltia.

L’associacié entre el retard produit per les proteines VtaA8 i VtaA9 i la ruta
endocitica, aixi com el retard en l'activacié del macrofag, requereix estudis

ulteriors.
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INTRODUCTION

1. Haemophilus parasuis

1.1. Bacteriological description

Karl Glasser established an association between fibrinous polyserositis in swine
and a small Gram-negative rod in 1910. The causative agent was first identified as
Haemophilus influenzae (variety suis) [1] and later on characterized and named as
Haemophilus parasuis [2]. Following the denomination in the Haemophilus genus,
the prefix para- was added to indicate that it requires V factor (nicotinamide
adenine dinucleotide, NAD) but not porphyrins, such as hemin (X factor) for

growth. H. parasuis is the aetiological agent of Glasser’s disease.

H. parasuis is a Gram-negative non-motile, small pleomorphic rod included in the
genus Haemophilus, within the family Pasteurellaceae of the y-proteobacteria.
However, several members of the family are still being reclassified [3] and its
location within this family is still in debate [4]. In fact, H. parasuis does not form a
monophyletic cluster by 16S rRNA gene sequencing, and two main clusters are
defined within the species [5, 6]. In addition to H. parasuis, other NAD-dependent
Pasteurellaceae can be isolated from swine [7]. Six species of porcine origin have
been defined on the basis of DNA-DNA hybridization and 16S rRNA gene sequence
[8,9].

H. parasuis has specific growth requirements and is difficult to culture from clinical
specimens. This bacterium grows on chocolate agar but not on blood agar. It can
also be cultured on the latter with a Staphylococcus nurse streak as a source of V
factor, showing the characteristic satellitic growth. One to three days are required
to produce small brown to gray colonies on chocolate agar plates or small
translucent non-hemolytic colonies on blood agar. Some strains produce colonies
of different sizes, but the significance of this phenomenon is not known [10]. H.
parasuis grows under normal atmosphere at 372C, although added humidity and
5% CO2 may improve growth. When a liquid culture is needed (e.g., for biochemical

tests), it can be cultured in liquid PPLO or BHI broths supplemented with NAD.



1.2. Molecular methods and strain variability

Early colonizer agents, such as Actinobacillus suis, Streptococcus suis and H.
parasuis, can emerge as costly and significant pathogens for pig herds, specially in
high health status farms [11]. H. parasuis is an early colonizer and part of the
microbiota of the upper respiratory tract of piglets [12-14]. H. parasuis strains are
heterogeneous and differences in virulence among strains have been described.
Therefore, strain discrimination is important in H. parasuis diagnosis and control
in order to differentiate between nasal colonizer strains and systemic invasive
strains. The correct diagnosis of this agent is essential to establish the appropriate

control measures.

The slow growth and poor viability of this microbe, together with the lack of a
validated serological test [15], warrant the use of molecular methods to encircle
these limitations. The polymerase chain reaction (PCR) has been a major advance
for the diagnosis of infectious diseases and different tests have been developed for
the detection of H. parasuis, both conventional and real-time PCR [16-19]. In
addition, a multiplex PCR test for the simultaneous detection of H. parasuis and the

differentiation of potentially virulent strains has been developed [20, 21].

Fifteen serovars of H. parasuis have been defined based on heat-stable somatic
antigen and immunodiffusion [22], but some strains are non-typable by
serotyping, even with the modified serotyping procedure by indirect
hemagglutination [23, 24]. In general, serovars 1, 5, 10, 12, 13 and 14 were defined
as highly virulent; serovars 2, 4 and 15 as moderately virulent and serovars 3, 6, 7,
8, 9 and 11 were considered non-virulent [22]. However, the correlation between
serovar and virulence is not clear and strains that belong to the same serovar can

exhibit different degrees of virulence [25, 26].

The variability of H. parasuis strains has been studied to great extends by
genotyping, and the high heterogeneity of the strains has been confirmed by

different methods.

Methods based on DNA are superior to serotyping for H. parasuis strain
differentiation. Genotyping is carried out by fingerprinting or sequencing methods.
Fingerprints (or electrophoretic band patterns) can be obtained from whole

bacterial genome or from a single gene, either by digestion or PCR amplification

2



throughout the genome. Sequencing methods can be based on sequences from a

single locus or several loci (multilocus sequence typing or MLST).

Enterobacterial repetitive intergenic consensus (ERIC)-PCR is based on the
presence of DNA elements that are repeated throughout the genome, which are
targets of the primers used in the PCR. Raffie et al (2000) [27] established the
method for H. parasuis, which was later used for several authors. ERIC-PCR is

especially suitable for outbreaks studies [15, 28].

PCR-restriction fragment length polymorphism (PCR-RFLP) consists in the
digestion with restriction enzymes of specific amplicons. This type of analysis has
been used for H. parasuis typing with the gene of the transferrin binding protein A,
tbpA [29] and the gene of the 5-enolpyruvylshikimate-3-phosphate synthase, aroA
[30]. However, these methods did not provide a correlation between genotype and

serotype or potential virulence of the strains.

Genotyping by sequencing a unique gene fragment of the hsp60 locus confirmed
the heterogeneity of H. parasuis strains and indicated the existence of lateral
transfer of genes between H. parasuis and species of the Actinobacillus genus [6].
To minimize the effect of this horizontal transfer in the classification of the H.
parasuis strains, a MLST, consisting on the partial sequencing of 7 conserved gene,
was established [31]. MLST classifies H. parasuis strains in 3 clusters; one
associated with nasal isolation and another one associated with isolation from
systemic lesions [25]. MSLT can be used for fine epidemiological studies of H.

parasuis strains and allows the comparison of data from different laboratories.

It is worth to highlight in the study of H. parasuis, the publication of two genomic
sequences from the virulent strain SH0165 ([32]; accession number CP001321)
and strain 29755 ([33]; accession PR]NA54869), both from serovar 5.

2. Glasser’s disease

Glasser’s disease is a systemic infection characterized by fibrinous or fibrinous-
purulent polyserositis, polyarthritis and meningitis. The bacteria replicate in
serosal surfaces causing inflammation and fibrinous exudate lining the membranes

of the body cavities, joints and meninges. In addition, petechiae or ecchymoses in



the liver, kidney and meninges can also be found. Fibrinous thrombi can also be
observed in many organs and high levels of endotoxin can be detected in plasma
[34]. LPS is involved in endotoxic shock and can exacerbate clinical signs. The
endotoxic shock is associated with cases of sudden death of piglets with H. parasuis
septicemia [35]. Fibrinous pleuritis may be also found with or without
cranioventral consolidation due to catarrhal-purulent bronchopneumonia. Animals

with neurological signs may lack gross lesions.

In the past, this disease was of sporadic occurrence and associated to stress
conditions. However, current production techniques and the emergence of
immunosuppressant viruses have generated an increase in the prevalence of
respiratory diseases. Glasser’s disease is present in all major swine-raising
countries and remains a significant disease in modern age-segregated production
systems, including high health status systems [15]. Farmers in the United States
have ranked H. parasuis as the second most important health problem in the

nursery herd; and also the 8t and 9t in finishing pigs and sows, respectively [36].

The severity of the disease depends on the virulence of the H. parasuis strain, the
immune status of the piglets, the colonization of the pigs, the genetic resistance of
the host and the presence of other pathogens in the herd (such as porcine
reproductive and respiratory syndrome virus [PRRSV], porcine circovirus type 2
[PCV2] or influenza virus type A) [37-39]Palzer, 2008 #306; Solano, 1998 #65; Yu,
2012 #481}. Clinical disease in conventional herds is limited to a few individuals.
Specific pathogen free (SPF) herds and some segregated early weaning (SEW)
herds, on the other hand, can suffer devastating outbreaks that affect many
animals [40]. H. parasuis can act as primary or secondary pathogen.
Immunosuppressive events can allow strains usually located in the respiratory

tract to invade systemic sites [39].

Several studies have shown that more than one H. parasuis strain can be isolated in
a herd and even from a single animal at a given point [6, 12, 28, 31, 41]. However, it

is commonly accepted that one single strain is responsible of a disease outbreak.



2.1. Pathogenesis

The upper respiratory tract is the natural habitat for many potential pathogens,
including viruses, mycoplasmas, chlamydias, and many other bacteria [42]. On the
other hand, the commensal microbiota has a favorable competitive effect for their
host by outnumbering pathogenic agents and stimulating the proper development

of the immune system [43].

H. parasuis is found exclusively in swine and the initial acquisition of this
bacterium takes place through contact with the sow after birth. H. parasuis is one
of the earliest and most prevalent isolates from nasal swabs of pigs of 15 days of
age [40]. Once it enters the upper respiratory tract, H. parasuis establishes a
colonization of the upper respiratory tract. In some situations, some strains can

spread to the lung, where they cause pneumonia, or invade systemic sites.

H. parasuis is mainly an extracellular pathogen, and therefore, the humoral
response (antibodies) plays an important role in protection and resolution of
disease [10, 44]. Since placentas of pregnant sows are impermeable to
immunoglobulin passage, the neonates are born without antibodies. Their survival
depends on the passive acquisition of maternal immunity, including at least three
components: (1) systemic humoral immunity, transmitted through colostrum; (2)
mucosal humoral immunity, transmitted through milk; and (3) cellular immunity
transmitted via maternal immunocompetent cells present in mammary secretions
[45]. The sow is also the source of the primary infection for these animals.
Circulating antibodies are acquired by the piglet during the first 24 hours after
birth and therefore there is a delicate balance of decreasing passive antibody titer
and mucosal colonization that takes place during the lactation weeks. As the
antibody titer decreases, it must reach a threshold under which there is no longer
protection to mucosal colonization, but there are still enough antibodies to prevent
systemic dissemination of the organism. In this way, piglets switch from passive to
active protection and are commonly able to prevent clinical disease. Thus, piglets
will develop natural immunity to the prevalent strains of H. parasuis on the farm
while they are protected by the maternal immunity. The duration of this passive
protection is highly variable. It is dependent on: immune status of the sow, amount

of colostrum uptake during the first 24 hours and nature of the microorganisms.



The entry of a new virulent strain with no cross-immunity with the prevalent

strains may have a great impact in disease outcome and control [10].

Vahle et al. studied the sequential events of infection in caesarean-derived,
colostrum-deprived (CDCD) pigs [46, 47] by intranasal inoculation with a strain
previously isolated from pericardium. The infection resulted in H. parasuis
isolation from nose and trachea after 12 hours, from blood after 36h and from
systemic tissues after 36-108h. Consequently, lesions progressed from mild and

moderate from 12h to 36h, ending in severe lesions at 96-108h.

3. Mechanisms of virulence

Bacterial pathogenesis is a multifactorial process and requires different
mechanisms to initially establish and produce disease infection. This process
involves bacterial attachment or other means of gaining entry into the host,
evasion of host defenses, multiplication to significant numbers, production of
damage to the host either directly or indirectly, and conclusion with transmission

of the agent to another susceptible host [48].

H. parasuis strains are heterogeneous in phenotypic and genotypic traits, including
virulence. The comparison of virulent and non-virulent strains in several
functional assays has allowed the determination of several essential mechanisms
of virulence. As an early colonizer, a common feature of H. parasuis strains is its
ability to produce biofilm in vitro, which is more efficient in non-virulent nasal
strains [49]. This feature is probably involved in mucosal colonization, but it has
not an essential role in systemic invasion. On the other hand, adhesion to and
invasion of epithelial cells has been described in virulent strains and could be
important in the first steps of infection [50, 51]. Besides, H. parasuis is able to
induce apoptosis of tracheal epithelial cells which may be critical to disrupt the

tracheal mucosa [50].

If the strains reach the lung, they have to confront the host pulmonary defenses. In
the case of non-virulent strains, they would be eliminated by phagocytosis in an
actin-dependent mechanism. In contrast, virulent H. parasuis strains are able to

avoid phagocytosis by alveolar macrophages, probably due, at least in part, to



capsule production [39]. In the presence of opsonic antibodies, virulent strains
become susceptible to macrophages, which are then able to internalize and destroy
them [39]. Thus, animals with specific antibodies could overcome disease by
efficiently killing of virulent strains by opsonophagocytosis. A significant
implication of nitric oxide by induction of the inducible nitric oxide synthase
(iNOS) in phagocytosis of H. parasuis could not be demonstrated, although low
expression of iNOS transcript was detected [52]. This result may be explained by
the low uptake of virulent H. parasuis by alveolar macrophages, and therefore poor
activation of the cells, or by the intrinsic nature of swine macrophages [53]. Once
virulent H. parasuis reaches the bloodstream, is able to avoid killing by the action
of the complement, in an antibody-independent manner [54, 55]. The interference
of the capsule in the deposition of the complement can explain this, as this would
explain also the lack promotion of phagocytosis by complement-opsonization [39].
Therefore, serum resistant H. parasuis strains would survive the bactericidal effect
of the serum and would be able to reach systemic sites. Furthermore, virulent
strains of H. parasuis invade endothelial cells [56, 57] and this may explain the

ability of some strains to cross the blood-brain barrier and cause meningitis.

Besides, H. parasuis can induce apoptosis and production of pro-inflammatory
interleukin IL-6 and IL-8 in epithelial and endothelial cells [50, 57, 58] and the role

in cell permeability has been suggested.

All together, H. parasuis has evolved different strategies to avoid the innate
immune system in order to produce disease (Fig. 1). Host-pathogen interaction
requires further study to determine the mechanisms underling the pathogenicity

of H. parasuis.
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Figure 1. Representation of known mechanisms implicated in the pathogenicity of H.
parasuis. (a) colonization of the upper respiratory tract by adhesion to epithelial cells, (b)
phagocytosis resistance to alveolar macrophages, (c) serum resistance, (d) adhesion and
invasion of endothelial cells of internal organs including the brain.

4. Virulence factors of Haemophilus parasuis

Little is know about the virulence of H. parasuis and the majority of potential
virulence factors described so far, require further characterization of function and

regulation.

The search of bacterial virulence factors is usually performed by the construction
of deletion mutants, which in the case of H. parasuis is still hindered by poor
transformation efficiencies. Two different systems were reported for the
transformation of H. parasuis: electroporation with a native plasmid [59] and
natural transformation [60]. This natural-transformation method has been
recently modified, but it is strain-dependent and only 1 out of 11 strains were
naturally transformable [61]. In addition, in vitro modification of input plasmid for
electroporation has been reported to increase electroporation efficiency [62].
Recently, we have reported electroporation efficiencies of 103 (for virulent strains)

and 105 (for non-virulent strains) with the native plasmid pHS-Tet, when the H.



parasuis strains were grown at 302C before washing with ice-cold 10% glycerol
(ANNEX 1; [63]), However, there is still need for a consistent method to obtain
high transformation efficiency to generate H. parasuis mutants. To circumvent this
limitation, the study of differences among virulent and non-virulent strains has

gained insights into the multifactorial nature of virulence of H. parasuis.

Nonetheless, over the years, several groups have reported genomic and
transcriptomic studies that have detected potential virulence factors of H. parasuis.
Some gene expression studies have attempted to mimic the host conditions. Hill et
al. [64] observed seven up-regulated genes in response to heat stress using
differential display reverse transcription polymerase chain reaction (DDRT-PCR),
including genes involved in heat shock response. Since iron resources in the host
are usually restricted, limitation of iron has been also used to mimic in vivo growth
and to identify the bacterial iron-uptake systems. For instance, ferric hydroxamate
uptake (FhuA) is produced by H. parasuis during infection, but it is constitutive
expressed, and consequently not regulated under iron-restricted conditions [65].
Melnikow et al. [66] identified genes that were regulated under iron and oxygen
restriction, and acid and heat stress (including numerous genes involved in
metabolic adaptation to the stress conditions, iron adquisition hxuCBA and yfeA
and two proteases). When H. parasuis was grown in cerebrospinal liquid and iron
restriction, differential expression of several genes was observed, but no relation
with virulence could be ascribed [67]. Iron related genes tonB-exbBD-tbpAB and
yfeCD were detected under iron-limitation in an independent study, and
interestingly, pilA was found to be also up-regulated, suggesting that iron

restriction could be a signal for colonization [68].

Genomic comparison of strains of different virulence has provided some
information, but the role of the specific genes (as examples, hemolysin operon,
hhdBA, the irion adquisition genes cirA4, tbpA/B and fhuA, restriction modification
system hsdS or fimbria-related gene fimB) in H. parasuis virulence has to be

confirmed [69-71].

More interesting information was obtained in the study of gene expression during
lung infection [72]. Genes involved in metabolism and stress response, cell surface,

transport and regulation were transcribed in the infected lung, and included



several genes with homology to putative virulence factors, such as a putative large
adhesin (or vtaA), siaB (involved in sialic acid utilization), a subtilisin-like
autotransporter protease and several regulators. In addition, genes with putative
function in biofilm formation were detected, supporting a role of biofilm in H.

parasuis infection [72].

At the protein level, different OMP profiles by SDS-polyacrylamide gel
electrophoresis (PAGE) were detected between isolates recovered from healthy
and sick pigs, suggesting its relation with virulence [73]. More recently,
immunoproteomic approaches have been used to determine protective antigens
from H. parasuis [74-76], but the role of those antigens in virulence has not been

defined.

4.1. 6-phosphogluconate dehydrogenase (6PGD)

Fu et al. [77] recently characterized the cell wall 6-phosphoglucanate-
dehydrogenase (6PGD), which has been described in the swine pathogens S. suis as
a protective antigen [78, 79]. This protein seems to be involved in adherence to
swine alveolar epithelial cells (SJPLC), since recombinant 6PGD protein
considerably inhibited the capacity of H. parasuis SHO165 to adhere to SJPLC cells.
Besides, recombinant 6PGD induced IL-8 and IL-6 production by those cells.
Immunogenicity and partial protection in mice was also determined, so its role as

potential vaccine was suggested.

4.2. Lipooligosaccharide (LOS)

H. parasuis has a short LPS, by the absence of repeating O-antigen subunits, which
is denominated lipooligosaccharide or LOS [80]. H. parasuis LOS shows similar
capacity than the LPS from E. coli, Actinobacillus pleuropneumoniae or Pasterurella
multocida to induce TNF-a and IL-6 production from RAW 264.7 cells [80]. Later,
Bouchet et al. [50, 58] determined the partial role of LOS (purified from the
virulent Nagasaki strain) in adhesion and induction of inflammation. H. parasuis
LOS was able to induce the release of IL-8 and IL-6 by porcine brain microvascular

endothelial cells (PBMEC) and newborn pig tracheal (NPTr) cells. However,
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competitive assay with LOS did not completely abolish the adhesion of H. parasuis

to PBMEC or NPTr cells, suggesting the involvement of other adhesins.

A monoclonal antibody anti-LOS showed a protective role in a mouse model

infection [55].

4.3. Sialyltransferase LsgB

Bacterial neuraminidases have been reported as scavengers for sialic acid (N-
acetylneuraminic acid or Neu5Ac). The sialic acid, once internalized, can be used as
source of carbon and/or nitrogen or can be modified by CMPNeu5Ac synthetases
(such as NeuA and SiaB) to be incorporated into the lipopolysaccharide by the
sialyltransferase LsgB [81]. This modification of the LPS with sialic acid has been
correlated with virulence in other Pasteurellaceae, including Haemophilus

influenzae, specifically with serum resistance [82-85].

In H. parasuis, a neuraminidase was identified and purified from the outer
membrane [86, 87]. Recently, Martinez-Moliner et al. [88] evaluated the presence
of neuraminidase activity in H. parasuis strains of different clinical origin. The
presence of the gene nanH (neuraminidase) and the neuraminidase activity was
common in H. parasuis and did not correlate with the clinical origin of the strains.
On the other hand, IsgB was predominantly present in the systemic isolates, and
was not amplified from any of the nasal isolates tested. A correlation between the
possibility to sialylate the LOS molecule and serum resistance was found. In
addition, using the reference strain Nagasaki (virulent, IsgB+) the presence of sialic

acid in the LOS was demonstrated.

The role of sialic acid in H. parasuis pathogenesis has been also suggested by other

authors, who reported the transcription of siaB/neuA during infection [72].

4.4. Cytolethal distending toxin (CDT)

Cytolethal distending toxin (CDT) belongs to a family of bacterial AB-type toxins
and generally comprises three subunits CdtA, CdtB and CdtC, in which the CdtB is
the active toxic unit and CdtA and CdtC are required for CDT binding to target cells

ad for delivery of CdtB into the cell [89]. Genes encoding CDT have been found in
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many Gram-negative species clinically important mucocutaneous pathogens of
humans and animals [90]. CdtB is a DNAse and is required for the CDT-mediated
cell cycle arrest at the G2/M phase and eventual death in some -cultured

mammalian cell [91-93].

In H. parasuis, two cdt gene cluster loci have been identified in the genomic
sequence available for H. parasuis strain SHO0165 [94]. The recombinant proteins
showed toxic activity and cell cycle arrest in cell culture. CdtB protein was
expressed by 109 clinical isolates and all the 15 reference strains of H. parasuis,

independently of their virulence.

Zhang et al. [95] have recently produced CDT-deficient mutants of H. parasuis
through natural transformation in the clinical isolate SC096. Surprisingly, those
mutants showed increased sensitivity to serum and reduced adherence and
invasion to porcine umbilicus vein endothelial cells (PUVEC) and porcine kidney

epithelial cells (PK-15).

4.5. IgA protease activity

In order to colonize the respiratory mucosa, bacteria must overcome the
protective effects of IgA, which participates in host defense by inhibiting microbial
adherence and invasion, inactivating bacterial toxins, and mediating antibody-
dependent cytotoxicity. The production of bacterial IgA extracellular proteases
results in cleaving and elimination of the agglutination activity of the

immunoglobulin [96].

Mullins et al. [97] demonstrated swine IgA protease activity in culture
supernatants of H. parasuis. However, no homologue the Haemophilus influenzae

iga or igaB was detected in the genome of the strains.

Recently, an espP2 gene homologue (extracellular putative serine protease) has
been detected in H. parasuis, which provided partial protection against a
homologous challenge in guinea pigs [98]. However, the activity of this protein was
not determined. This protein is a monomeric autotransporter (AT) and

corresponds to the BmaA5 and BmaA6 reported by Pina-Pedrero et al. [99]. The
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correlation between the IgA protease activity described in the supernatant and the

espP2 gene has to be evaluated.

4.6. Capsule

Morozumi and Nicolet [100] demonstrated capsular material in several H. parasuis
strains and the acidic polysaccharide nature was suggested. Even thought the
production of capsule has not been clearly associated with virulence [101], Olvera
et al. [39] found that after incubation with PAMs, virulent strains showed distinct
capsule, and the role of this surface structure in phagocytosis resistance was

suggested.

4.7. Fimbria

Fimbria-like structures were observed in H. parasuis when grown in embryonated
eggs [102]. H. parasuis SH0165 possesses four type IV fimbrial genes encoding the
major structural unit PilA (HAPS2013) and three biogenesis proteins PilBCD
(HAPS2011-2009) [103]. The implication of these molecules in bacterial

adherence is expected, but it has not been demonstrated yet.

4.8. Proteins of the porin family

Porins are proteins that form water-filled channels across the outer membranes of
Gram-negative bacteria and thus make this membrane semipermeable. There are
four types of porins: general/non-specific porins, substrate-specific porins, gated

porins, and efflux porins (also called channel-tunnels).

In the case of H. parasuis, outer membrane protein P2 (OmpP2) and OmpP5 have
been studied by different groups. Mullins et al. showed that the predicted amino
acid sequences for both P2 and P5 proteins were considerable heterogeneous,

particularly the predicted extracellular loops [104].
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4.8.1. OmpP2

OmpP2 is the most abundant protein in the outer membrane of H. parasuis [75].
Omp P2 is highly conserved in H. parasuis, but some differences in sequence were
found, including insertion sequences that were found preferently in non-virulent

strains [104, 105].

The functional role of OmpP2 has been recently studied using knockout mutants. A
deletion mutant of the SC096 strain [61] was produced and the loss of OmpP2
resulted in increased sensitivity to complement killing, indicating the role in serum
resistance of this protein. However, defective mutants showed growth defects and
further alterations at protein composition level of the outer membrane, which
could result in instability of the outer membrane. Thus, the defect in serum
susceptibility of the OmpP2 mutant could be an indirect effect and not due directly
from the functionality of P2.

But somehow, when ompPZ2 from different strains was studied, some virulent
strains (including Nagasaki, 84-17975 and SC096) showed shorter sequences than
non-virulent strains (including SW114, C5 or SC003) [61]. It was previously
described that the longer sequences would include an extra loop in the predicted

protein [104], which might contribute to serum susceptibility in H. parasuis.

OmpP2 has also been implicated in adherence to porcine alveolar macrophages
(3D4/21 cell line) and resistance to phagocytosis. Mutant AompP2 showed
reduced adherence to 3D4/21 cells and pre-incubation of macrophages with

purified P2 resulted in an increase survival of wild-type SC096 [106].

4.8.2. OmpP5

A homologous to H. influenzae P5 was purified and shown to have different
adhesion attributes in H. parasuis (H. parasuis P5, or OmpA, did not bind
carcinoembryonic antigen) [107]. Later, the corresponding gene was cloned [108]
and the analysis of the sequences from different strains showed certain variability,
with 4 hypervariable domains encoding the 4 putative surface-exposed loops [104,
109]. Although P5 has been shown to be involved in various pathogenic processes,

including serum resistance and cell adhesion and invasion [110, 111], a AompP5
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mutant did not show a defect in serum susceptibility or in adhesion and invasion to
epithelial and endothelial cells [112]. However, as it was observed with the
AompP2 mutant, the AompP5 mutant showed growth defects and alterations in

protein expression.

At the same time, the immunogenicity of P5 was confirmed and its potential used

as vaccine was suggested [74]

4.9. Type V secretion system in H. parasuis

The type V secretion system consists of proteins whose structure is composed of
an amino-terminal leader peptide (for secretion across the inner membrane), a
passenger domain (which gives the function), and a C-terminal domain that forms
a pore in the outer membrane through which the passenger domain passes to the
cell surface (Henderson & Nataro 2001). Type V secretion is an energy-
independent process. Once across the inner membrane, the fate of the translocated
proteins diverges. This family of secreted proteins includes those secreted via the
autotransporter system (type Va or AT-1), the two partner secretion pathway
(type Vb) and the type Vc system (also termed AT-2) (Fig. 2. [113, 114]. These
surface exposed proteins seem to participate in diverse host-pathogen interactions
associated with virulence; e.g. adhesion, invasion, autoagglutination, inhibition of
the complement activation or IgA1l protease [115-117]. Furthermore, they can

induce a good antibody bactericidal response [118].

Analysis of the SH0165 and Nagasaki sequence and proteomic studies determined
the presence of autotransporters in H. parasuis [20, 32, 75] and up-regulation

during infection in lungs has been reported [72].
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Figure 2. Schematic representation of the type V secretion system.

Cyto: cytoplasm; IM: inner membrane; Peri: periplasma; OM: outer membrane; EM:
extracellular milieu. From: Henderson et al., 2004 [114].

4.9.1. Monomeric autotransporters (AT-1)

Pina-Pedrero et al. (2012) described the presence of six B-barrel monomeric
autotransporters (Bma/AT-1) in H. parasuis. Comparative genomic analysis of the
AT-1 coding loci and their neighboring genes from three H. parasuis strains serovar
5 was performed. Using the recombinant passenger domains of bmaAl, bmaA4,
bmaA5 and bmaA6 (bmaA2 and bmaA3 were predicted to be pseudogenes in at
least one of the three H. parasuis strains), their in vivo expression and antigenicity

was demonstrated [99].

The putative extracellular serine protease (ESP), which corresponds to BmaA5/6,
has been confirmed as an antigen expressed during infection in pigs [98]. In
addition, the same report showed partially protection in guinea pig after
vaccination with recombinant EspP. However, the functionality of EspP has not yet
been determined; although as mentioned before, it may correspond to the IgA

protease activity found by Mullins et al. [97].
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4.9.2. Virulence associated trimeric autotransporters (VtaA)

VtaA constitute a multigene family of about 10 copies per genome in H. parasuis,
subdivided into three groups (group 1, 2 and 3) by sequence similarity in the
translocator domain [20]. These vtaA genes encode for putative outer membrane
proteins with characteristic adhesion domains. As several vtaA copies per genome
have been detected, it has been interpreted as a strategy to escape the immune
system by antigenic switching. The presence of vtaA from group 3 is highly
conserved in H. parasuis, while vtaA from group 1 and 2 vtaA is detected mainly in
virulent strains. This differential presence of the vtaA genes was used for the
identification of potentially virulent isolates by PCR [21]. Ten paralog genes vtaA

encoding for VtaA were also found in SHO165.

In addition, the antigenicity of VtaA was examined using sera from deprived-
colostrum pigs challenged with a sub-lethal dose of Nagasaki [119]. This study
revealed that VtaAl, 5, 6, 8, 9 and 10 are antigenic and expressed in vivo, but
poorly expressed in in vitro growth conditions. The mixture of the six
immunogenic passenger domains of VtaAl, 5, 6, 8, 9 and 10 were found to partially

protect against a lethal challenge with the Nagasaki virulent strain [120].

5. Innate immune response in the respiratory tract of pigs
5.1. The respiratory tract

The respiratory tract is a critical interface between the pig and the environment. It
is lined by a mucosal surface, which provides a specialized defense system. After
filtration of big particles in the nasal turbinates, particles trapped in the
muccociliary system are cleared by ciliary movement, giving a continuous flow of
mucus toward the pharynx; this system is also known as the mucociliary escalator.
In the mucus, pathogenic microorganisms are neutralized with the aid of
secretions, such as lysozyme, defensins, interferons, protelytics enzymes and
enzymes inhibitors, opsonins, lactoferrins, complement factors, oxygen radicals

and free radicals scavengers, and specific immunoglobulins [42].

The production of specific antibodies is crucial in the respiratory immune defense.

Immunoglobulin A (IgA) is the predominant antibody in the mucus of the
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conducting airways. IgM antibodies are potent proteins released in the early
immune response, particularly in the newborn pig. IgG antibodies are the
predominant immunoglobulin in the mucus of the lower respiratory tract, near the
alveoli. Immunoglobulins in the mucosa act primarily to prevent the establishment
and penetration of pathogens. In healthy pigs, the normal ratio of cells in the
broncho-alveolar mucus is 70-90% alveolar macrophages, 5-18% lymphocytes, 4-

12% neutrophils, and up to 5% eosinophilic granulocytes [42, 121].

The upper respiratory tract of healthy pig harbours a wide spectrum of V factor-
dependent Pasteurellaceae, including non-virulent strains and virulent strains of H.
parasuis that are controlled by the immune system [14, 15]. Several strains of H.
parasuis can colonize a single animal and the dynamics of colonization is affected
by the levels of specific antibodies [12]. The immune status of the piglets is a key

feature to control Glasser’s disease.

5.2. Alveolar macrophages

Innate immunity is the first line of defense against microbial infection and it is
mediated by leucocytes, such as macrophages, neutrophils and dendritic cells

(DCs) [122].

The predominant cells involved in the innate defense in the lungs against bacteria
are the alveolar macrophages. They remove foreign material that escapes the
mucociliary defense mechanism by phagocytosis [123]. If the invading agents are
not neutralized, the activity of these phagocytes is highly accelerated and
inflammation or tissue damage can result. Pro-inflammatory cytokines produced
by macrophages play an important role in porcine respiratory disease by
coordinating and activating the adaptive immune response, which enables the host

to eliminate pathogens [124].

Phagocytosis includes the internalization of particles (>0.5 pm), through
cytoskeletal rearrangements, which enclose the particle into an intracellular
compartment. To initiate this process is essential a receptor-mediated recognition.
On one hand, opsonin-dependent phagocytosis involves either Fcy receptors
(FcyR) or complement receptors (CR1, CR3 and CR4), which bind particles that

have either immunoglubulin or complement bound to their surface, respectively
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[125]. On the other hand, opsonin-independent phagocytosis is triggered by
engagement of a variety of cellular receptors (pathogen recognition receptors or
PRR) capable of recognizing and binding molecular motifs directly on the surface

of microbial pathogens (pathogen-associated molecular patterns, or PAMPs).

Phagocytic pathways are diverse and extremely complex. Uptake usually results in
a respiratory burst and an inflammatory response in macrophages [126]. Uptake
process can be facilitated by opsonization of the bacteria with antibodies, known
as antibody-mediated phagocytosis (type I). Type I phagocytosis is efficient for H.
parasuis strains independently of their virulence, but virulent H. parasuis prevents
complement-mediated (type II) phagocytosis [39]. Many successful bacterial
pathogens can escape macrophages surveillance, either by modifying their surface
(including capsule production) to prevent detection and attachment or by

engaging alternative receptors to alter their uptake outcome [127-129].

Pathogens avoid Kkilling and actively modify the cytoesqueletal elements that
mediate ingestion, alter the maturation of phagosomes and interfere with

macrophage signaling and immflamation [125, 130]

The innate immune system can be activated by PRRs binding to PAMPs [131] and
the recognition of these foreign structures culminates in various antimicrobial
responses [132, 133]. Toll-like receptors (TLRs) are one of the best PRRs
characterized. Interestingly, in the mucosal surfaces recognition of pathogenic
microbes occurs while preserving tolerance to the commensal microbiota [134].
Binding of PAMPs to TLRs initiates signaling, which ultimately triggers two signal
transduction pathways: the nuclear factor kB (NFkB) and mitogen activated
protein (MAP) kinase cascades, which leads to transcription of genes encoding
inflammatory cytokines [135]. Inhibition of the release of these cytokines, involved
in recruitment cells to the site of infection, can facilitate initial colonization of the
lung. Habitually, the pathogen is internalized, localized in the phagosome, which
later through a series of fusion and fission events matures to become a
phagolysosome by its final fusion with lysosomes. In the phagolysosome, the
internalized pathogen is killed by a variety of microbicidal mechanisms. The
degradation of the internalized microbe, mainly through the action of hydrolases,

produces small peptides, which reach the major histocompatibility complex (MHC)
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class Il molecules through a complex route of membrane trafficking. Some peptides
bind to the MHC molecule, and the complexes are transported to the cell surface,
where the peptide/MHC class Il complex binds to its cognate T cell receptor for

antigen presentation to specific T cell activation [122, 136].

Some pathogenic bacteria can alter the trafficking to phagolysosomes at different
levels. To the best of our knowledge, in vitro assays have shown that H. parasuis
prevents phagocytosis but it does not incapacitate macrophages to phagocyte
other susceptible bacteria [39]. Thus, H. parasuis strategy seems to be the
modification of its surface either by the addition of sialic acid to the
lipooligosaccharide (LOS) [88] or by production of capsule [39], rather than
affecting the macrophage per se. However, the direct implication of both strategies

in phagocytosis resistance has not been demonstrated.

5.3. Macrophage phenotype: activation markers

When stimulated, macrophages adopt context-dependent phenotypes that
promote or inhibit host antimicrobial defense, inflammatory and immune
responses [137, 138]. The study of myeloid markers is a relevant tool to determine
the dynamics of maturation and differentiation of macrophages after a bacterial

challenge [138, 139].

Several markers are known to be expressed during maturation of porcine myeloid
cells. CD172a (SWC3) has been suggested as an indicator of proliferation,
differentiation and activation into more mature stages of tissue macrophages and
blood granulocytes [138]. Additionally, SWC8 marker can be used to discriminate
monocytic cells (SWC3+ SWC8-) from granulocytes (SWC3+ SWC8+) [140].
Silaoadhesin is an endocytic receptor involved in cell-cell, cell-matrix and cell-
pathogen interactions through interactions of sialic acid. It can act as an effector of
T cell responses and uptake of pathogens [141]. CD163 is another endocytic
receptor whose expression is restricted to monocytes and macrophages [138].
CD163 has been proposed to operate as a sensor for bacterial infections capture
and is an indicator of the capacity of the monocytic cells to present antigens to
lymphocytes [142]. Signalling through CD163 leads to the production of pro-

and anti- inflammatory cytokines. Interestingly, the extracellular portion of
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CD163 can be shed from the cell surface, in response to a variety of stimuli, by a
protease-dependent mechanism. When soluble (sCD163), it can be detected in
serum and other fluids as an indicator of macrophage activation. Soluble CD163
has a good predictive value in sepsis, morbidity and mortality [143, 144]. Finally,
CD14 is a PRR, expressed on monocytes, tissue macrophages and, at lower levels,
granulocytes. CD14 can bind bacterial ligands, including LPS [145], and can
mediate phagocytosis of bacteria [146] and clearance of apoptotic cells. Its
activation promotes the secretion of pro-inflammatory cytokines and chemokines

[138].

Besides, surface proteins belonging to the major histocompatibility complex
(MHC), or the so-called swine leukocyte antigen (SLA) [147], play a significant role
in the cellular and humoral immune response to the gene complex. Up-regulation
of these receptors has a significant impact in the capacity of macrophages to
present antigen to T and B cells [148, 149]. Reduction of expression of SLA I and
SLA II has been observed in pigs susceptible to Glasser’s disease [150].

Immunological studies of H. parasuis infection are scarce. Analysis of gene
expression in PAMs after H. parasuis infection showed up-regulation of genes
involved in the inflammatory response, as well as genes involved in cell adhesion,
cytokine-cytokine receptor interaction, complement and coagulation cascade, toll-
like receptors and MAPK signaling [151]. In agreement, during in vivo infection,
Chen et al. observed up-regulation of genes of the inflamosome, adhesion, acute-
phases and complement cascade [152]. In addition, an imbalance between pro and
anti-inflamatory cytokines and an increased expression of genes involved in
biological processes associated with inflammation were observed during H.

parasuis infection, including acute phase proteins [153, 154].

It is also worth mentioning some in vitro experiments performed with different cell
types reporting the release of IL-8 and other proinflammatory cytokines by

epithelial and endothelial cells [50, 58, 77, 155].
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HYPOTHESIS AND OBJECTIVES

H. parasuis comprises virulent and non-virulent strains. The determination of the
virulence factors is important for understanding the pathogenesis of Glasser’s
disease and its control. One of the early steps in the pathogenesis of H. parasuis is
the bacterial survival from the host pulmonary defences, which would precede the
subsequent systemic dissemination. In the lung, one of the first lines of defence is
constituted by alveolar macrophages. Virulent strains of H. parasuis are known to
be resistant to phagocytosis by alveolar macrophages, but the specific bacterial
factors involved in this virulence mechanism are not defined. On the other hand,
the response of alveolar macrophages to H. parasuis infection is also not well

characterized.

The main goal of this work was to study the elements involved in the interaction
between H. parasuis and porcine alveolar macrophages, since it seems to be

determinant for the final outcome of Glasser’s disease. Specifically we aimed to:

1. Determine virulence factors from H. parasuis involved in phagocytosis

resistance.

2. Evaluate phenotypical changes in alveolar macrophages in response to infection

by H. parasuis.
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RESULTS

CHAPTER 1.

VtaA8 and VtaA9 from Haemophilus parasuis delay phagocytosis

by alveolar macrophages

Accepted in Veterinary Research, 2012
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Summary

Haemophilus parasuis, a member of the family Pasteurellaceae, is a common
inhabitant of the upper respiratory tract of healthy pigs and the etiological agent of
Glasser’s disease. As other virulent Pasteurellaceae, H. parasuis can prevent
phagocytosis, but the bacterial factors involved in this virulence mechanism are
not known. In order to identify genes involved in phagocytosis resistance, we
constructed a genomic library of the highly virulent reference strain Nagasaki and
clones were selected by increased survival after incubation with porcine alveolar
macrophages (PAMs). Two clones containing two virulent-associated trimeric
autotransporters (VtaA) genes, vtaA8 and vtaA9, respectively, were selected by this
method. A reduction in the interaction of the two clones with the macrophages was
detected by flow cytometry. Monoclonal antibodies were produced and used to
demonstrate the presence of these proteins on the bacterial surface of the
corresponding clone, and on the H. parasuis phagocytosis-resistant strain PC4-6P.
The effect of VtaA8 and VtaA9 in the trafficking of the bacteria through the
endocytic pathway was examined by fluorescence microscopy and a delay was
detected in the localization of the vtaA8 and vtaA9 clones in acidic compartments.
These results are compatible with a partial inhibition of the routing of the bacteria
via the degradative phagosome. Finally, antibodies against a common epitope in
VtaA8 and VtaA9 were opsonic and promoted phagocytosis of the phagocytosis-
resistant strain PC4-6P by PAMs. Taken together, these results indicate that VtaA8
and VtaA9 are surface proteins that play a role in phagocytosis resistance of H.

parasuis.
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Introduction

Haemophilusparasuis is a member of the family Pasteurellaceaeand a common
inhabitant of the upper respiratory tract of healthy pigs. It is also known as the
etiological agent of Glasser’s disease in swine, a systemic disease characterized by
fibrinouspolyserosytis, which causes high morbidity and mortality in piglets. H.
parasuis can also produce pneumonia and sudden death [1]. Glasser’s disease has
gained considerable importance in recent years and it is recognized as one of the
main causes of economic loss in the pig industry [2]. Little is known about the
pathogenesis and the virulence factors of H. parasuis. Some putative virulence
factors have been reported [3-8], including a family of trimeric autotransporters,
designated virulence-associated trimeric autotansporters (VtaA) [9]. Trimeric
autotransporters are present in Gram-negative bacteria and they have been widely
confirmed as virulence factors in other bacteria [10, 11]. Vahle et al. 1995 [12]
determined the dynamics of infection with H. parasuis after intranasal inoculation
with a systemic isolate, showing that H. parasuis has to survive host pulmonary
defences in order to produce systemic disease. In the lung, the first line of defense
is composed of alveolar macrophages, whose main role is the elimination of
airborne pathogens and other environmental particles [13, 14]. The phagocytosed
particles are subsequently destroyed as they progress along the
degradativeendocytic pathway, culminating in the formation of the mature
phagolysosome. [15]. Like other virulent Pasteurellaceae [16-19], H. parasuis has
evolved mechanisms to prevent phagocytosis as part of its pathogenic profile, as
demonstrated in a previous study [20]. These mechanisms allow microorganisms
to avoid destruction via the degradativeendocytic pathway and in some cases
prevent phagocytosis [21].

In order to identify the genes involved in this virulence mechanism of H. parasuis,
we constructed a genomic library of the highly virulent reference strain Nagasaki
and clones from the library were selected by incubation with porcine alveolar
macrophages (PAMs). Two vtaA, vtaA8 and vtaA9 were identified and their role in
phagocytosis resistance was explored, demonstrating for the first time, the

involvement of these two proteins in resistance to phagocytosis in H. parasuis.
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Materials and methods

Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in Table 1. Escherichia
coli EPI300 was used as host for recombinant plasmids and was grown on Luria-
Bertani (LB) agar or in LB broth, supplemented with 100 pg/mL ampicillin, 12.5
ug/mL (forpCC1FOS ) or 30 pg/mL (for pACYC184) of chloramphenicol, as

appropriate. H. parasuis strains were grown on chocolate agar.

Table 1 - Bacterial strains used in this study.

Description Reference
H. parasuis
Nagasaki virulent reference strain, Kielstein & Rapp-Gabrielson,
serovar 5 1992 [33]
PC4-6P virulent field strain,
serovar 12 Olvera et al., 2009 [20]
SW114 non-virulent reference Kielstein & Rapp-Gabrielson,
strain, serovar 3 1992 [33]
F9 non-virulent strain,
serovar 6 Olvera et al,, 2009 [20]
E. coli
EPI300 Phage T1-resistant Epicentre Biotechnologies

- Kielstein P, Rapp-Gabrielson V]. J Clin Microbiol 1992, 30:862-865.
- Olvera A, Ballester M, Nofrarias M, Sibila M, Aragon V. Vet Res 2009, 40:24.

Genomic library production

A genomic library derived from the H. parasuis virulent strain Nagasaki was
produced with the CopyControl™Fosmid Library = Production kit
(EpicentreBiotechnologies, USA) with pCC1FOS™, following manufacturer’s
instructions. Genomic DNA from the Nagasaki strain was purified with a
Nucleospin blood kit (Macherey-Nagel, Germany) and fragments of approximately
40kb were used for library construction. The genomic library consisted of 300

fosmid clones, to ensure a complete library with a 99% probability.
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Sequencing, PCR and cloning

To identify the genomic sequence included in selected fosmids, those clones were
induced to high copy number and pCC1/pEpiFOS forward and reverse primers
(Epicentre Biotechnologies) were used in sequencing reactions using a BigDye
Terminator v.3.1 kit and an ABI 3100 DNA sequencer (Applied Biosystems). The
complete sequence included in each fosmid was deduced by comparison with the

Nagasaki genome sequence [9].

Since we identified two genes of interest, vtaA8 and vtaA9, in the clones, those
genes were PCR-amplified from the corresponding fosmid clones with primers
GCGCGGATCCTCTTAGTTTTGTGTAACTCTT and
GCGCGGATCCTTCTAATTTATAGGTGCTAGATTAC (BamHI site in primer sequence
is underlined) and AccuprimeTMTaq DNA polymerase high fidelity (Invitrogen,
Spain). The amplicons were then digested with BamHI and cloned into the
BamHIsite of pACYC184 to yield pMCH-vtaA8 and pMCH-vtaA9 (Table 2) for
further study.

Table 2 - Plasmids used in this study.

Description Reference
pCC1FOS inducible copy, CmR Epicentre Biotechnologies
pACYC184 low copy, CmR, TetR ATCC number 37033
pEGFP gfp, AmR Clontech
pCC1FO0S-8 pCC1FOS with an insert, this study

including vtaA8
pCC1FOS-9 pCC1FOS with an insert, this study

including vtaA9
pMCH-vtaA8 vtaA8 cloned in the BamHI this study

site of pACYC184
pMCH-vtaA9 vtaA9 cloned in the BamHI this study

site of pACYC184

Cm: Chloramphenicol
Tet: Tetracycline
Am: Ampicillin
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Phagocytosis assay

118 Phagocytosis assays were performed as described before [20]. Briefly, porcine
alveolar macrophages (PAMs) were seeded in 6-well plates at a concentration of 5
x 105 cells in 3 mL per well of Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% L-glutamine, complete
DMEM (CDMEM). Plates were incubated at 372C with 5% CO2, and after
attachment of the cells to the wells (for a minimum of 1h up to overnight
incubation), wells were inoculated with bacteria at a multiplicity of infection (MOI)
of 200. Selected E. coli clones were previously transformed with pEGFP (plasmid
carrying the green fluorescent protein [GFP] gene) for this assay, and fluorescein
isothiocyanate (FITC)-labeled H. parasuis strains were used as controls. After
incubation at 37°C for different times, wells were washed to eliminate unbound
bacteria and PAMs with associated bacteria were detected by flow cytometry in an
EPICS XL-MCLTM flow cytometer (Beckman Coulter, Spain). Assays were

performed in duplicate and were repeated using PAMs from different animals.

In some experiments, pMCH-vtaA8 and pMCH-vtaA9 were incubated in the same

well with PAMs to examine their interaction.

Bacterial survival after incubation with macrophages

For survival studies, an MOI of 1 was used in the phagocytosis assay. After 1h, 2h,
3h and 5h PAMs were lysed with 0.1% saponin and pippeting. Live bacteria in the
wells were quantified by dilution and plating. Duplicates wells were used and the

assay was repeated four times.

Monoclonal antibody production

Monoclonal antibodies (mAb) were produced against VtaA8 and VtaA9 by
immunizing BALB/c mice with their recombinant passenger domains. All
procedures involving animals were performed in accordance with the regulations
required by the Ethics Commission in Animal Experimentation of the Generalitat

de Catalunya (Approved Protocol Number 5767). Passenger domains of VtaA8 and
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9 were produced and purified as recombinant proteins (rVtaA8 and rVtaA9)

following the protocol of Olvera et al 2010 [22].

Mice were subcutaneously immunized with 50 ug of purified rVtaA8 or rVtaA9 with
complete Freund’s adjuvant, followed by a second dose of protein with incomplete
Freund’s adjuvant 2 weeks later. Two weeks after the second immunization and
one day before the sacrifice, animals were boosted with 10 ug of protein in saline
solution.

Hybridomas were produced by fusion of lymphoid cells with X63AG8 myeloma
cells following standard methods. Undiluted supernatants from growing
hybridomas were screened by indirect ELISA, using 100 ng/well of rVtaA8 or
VtaA9. Positive hybridomas were sub-cloned and further characterized by western
blotting after purification using a protein A-Sepharose column (GE Healthcare,
Spain). Western blotting was performed following standard methods in a SDS-
PAGE system with 10% polyacrylamide gels and nitrocellulose membranes.
Isotyping of selected mAb was performed with a mouse monoclonal antibody

isotyping test kit (AbDSerotec, UK) following manufacturer’s instructions.

Bacterial VtaA8 and VtaA9 localization

MAb were used to detect VtaA8 and VtaA9 on the bacterial surface by flow
cytometry. EPI300 (pACYC184), (pMCH-vtaA8) and (pMCH-vtaA9) were
resuspended to an ODeeo of 1. Monoclonal antibodies were used at 50 ng/ul, and
incubated with the bacterial suspensions overnight on ice. After 3 washes with 1%
bovine serum albumin (BSA) in phosphate buffered saline (PBS) to eliminate
unbound antibodies, samples were incubated with a FITC-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch Europe Ltd, UK). After washes to eliminate
unbound conjugate, bacterial suspensions were analysedby flow cytometry in an
EPICS XL-MCLTM flow cytometer. H. parasuis PC4-6P was also processed in the

same manner, with strain F9 as negative control.

31



Opsonophagocytosis

The opsonic capacity of antibodies against VtaA8 and VtaA9 was tested in an
opsonophagocytosis assay. Phagocytosis-resistant strain PC4-6P was used in these
assays and was opsonized with monoclonal antibodies. A hyperimmune rabbit
serum produced against strain Nagasaki was used as positive control.
Opsonization of PC4-6P was performed overnight on ice using 200 ng/ul of each
monoclonal antibody. After washes to eliminate unbound antibodies, bacterial
suspensions were labeled with FITC and used in phagocytosis assays in triplicate
wells as described above. F9 and SW114 were also included as control of

phagocytosis.

Immunofluorescence

Bacterial intracellular localization was determined by immunofluorescence
following a previously published protocol with modifications [23]. PAMs were
seeded on glass coverslips in 6-well plates with CDMEM and phagocytosis assays
were performed as described above. Early endosomes were detected with
antibodies against early endosome antigen 1 (EEA-1), purchased from Santa Cruz
Biotechnologies (USA) and acidic compartments were detected with Lysotracker
Red DND-99 (Invitrogen). H. parasuis strains PC4-6P (virulent) and F9 (non-
virulent) were used to examine intracellular localization after 1h of incubation at
37°C with PAMs. For E. coli clones (pACYC184, pMCH-vtaA8 and pMCH-vtaA9; all
with pEGFP), 1h of pre-incubation on ice was performed to allow bacterial
attachment to macrophages. Then, plates were incubated for 30 min and 1h at
372C. For the detection of acidic compartments, Lysotracker was added to the
wells at a 1:2000 dilution at the same time as the bacterial inoculum. After the
corresponding incubation, coverslips were washed with PBS and immediately
fixed with 4% paraformaldehyde (PFA) in PBS for 15 min at room temperature
(RT). After fixing, samples were permeabilized with 0.5% Triton X-100 for 15 min
at RT. Samples were then blocked with donkey serum (Jackson ImmunoResearch)
for 1h at RT and then incubated at 4°C overnight with goat anti-EEA1 diluted 1:20
in 3% BSA-PBS. H. parasuis strains were detected inside the PAMs with a 1:100

dilution of a mix of hyperimmune rabbit sera produced against strains Nagasaki
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and SW114. After three washes with PBS, coverslips were incubated with Cy3-
conjugated donkey anti-goat IgG (H+L) or FITC-conjugated antirabbit IgG (whole
molecule) for 1h in 3% BSA-PBS at RT. E. coli clones were detected by GFP
expression. Finally, nuclei were counterstained with 4',6-diamidino2-phenylindole
(DAPI) at 1 pg/ml and coverslips were mounted with Vectashield. Fluorescent
images were viewed on a Nikon eclipse 90i epifluorescence microscope equipped
with a DXM 1200F camera (Nikon Corporation, Japan). Image stacks were captured
using OLYMPUS FluoView FV1000 confocal microscope (x60/NA 1.35 objective). Z
stack images were acquired at intervals of 1 um. Images were processed by using
FV10-ASW 1.7 Viewer software from Olympus and Image ] v1.46d software
(http://rsb.info.nih.gov/ij).

To determine the percentage of bacteria that co-localized with each marker,
approximately 100 cells were analyzed in each experiment. Results were
calculated from 2 independent experiments as the percentage of cells with bacteria
co-localizing with each marker within the group of infected PAMs and statistical
differences were determined by a Chi-squared test using a significance threshold
of p < 0.05.

Catepsine antibodies (cathepsin D, G-19, Santa Cruz Biotechnology) could not be
used with GFP and anti-tubuline (P-16, Santa Cruz Biotechnology) did not work in
the conditions tested.

Apoptosis assay

Apoptosis was detected by immunofluorescence assay using caspase-3 antibodies
(Asp175, Cell Signaling technology). Apoptotic cells reacting with the antibody
were observed after 1h at RT incubation with a DyLight 549 goat anti-rabbit IgG

(H+L) (Jackson ImmunoResearch) under a fluorescence microscope.
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Results

Selection of phagocytosis-resistant clones

In order to identify genes involved in phagocytosis resistance, a complete pool of a
genomic library derived from the Nagasaki strain was screened by sequential
incubations with PAMs (Fig. 1). Based on increased survival as compared to E. coli

EPI300 (pCC1FOS), several clones were selected.

Genoteca
Nagasaki

H 1oul 1opl
me N NSO\
suspension

(BBS)

o/n incubation 1.5h incubation 1h incubation

@ Dilutions

Pool

Store at -80°C

Selected clones

Figure 1. Schematic representation of the selection of pahogocytosis-resistant
clones

Twenty clones were partially sequenced and their complete sequences were
deduced by comparison with the Nagasaki genomic sequence. Two of those fosmid
clones (pCC1FO0S-8 and pCC1FO0S-9) contained genes encoding 2 different trimeric
autotransporters genes (vtaA8 and vtaA9, respectively) and were selected for
further study (Table 2). Insert size was 47,195 bp in pCC1FO0S-8 (corresponding to
nucleotides 912,650 to 959,845 of the SHO0165 genome; accession number
NC_011852) and 38,659 bp in pCC1FOS-9 (corresponding to nucleotides 676,395
to 700,323 of the SHO165 genome).

E. coli EPI300 (pCC1FOS-8) and EPI300 (pCC1FOS-9) were transformed with
pEGFP and analysed in phagocytosis assays by flow cytometry. Both clones
showed a reduced interaction with PAMs as compared to E. coli EPI300 (pCC1FOS
pEGFP) (Fig.2). A randomly selected fosmid clone (pCC1FOS-H) was used as
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control and it showed the same interaction with PAMs as the control with the

empty vector.
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Figure 2. Fosmid clones pCC1F0S-8 and pCC1FOS-8 showed a reduced interaction
with porcine alveolar macrophages (PAMs).

(A) Flow cytometry plots of PAMs after 1h incubation with E. coli carrying the empty
vector pCC1FOS, or clones pCC1FOS-8 and pCC1FO0S-8. Clone pCC1FOS-H served as
control. (B) Graph showing the percentage of PAMs with associated bacteria.
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To determine the role of vtaA8 and vtaA9, the genes were PCR-amplified and
cloned into pACYC184 to give pMCH-vtaA8 and pMCH-vtaA9, and were introduced
into E. coli EPI300 together with pEGFP. Compared to EPI300 (pACYC184 pEGFP),
EPI300 (pMCH-vtaA8 pEGFP) and EPI300 (pMCH-vtaA9 pEGFP) showed a reduced
interaction with PAMs in phagocytosis assays (Fig. 3).
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Figure 3 - VtaA8 and VtaA9 reduced the bacterial interaction with porcine alveolar
macrophages (PAMs).

E. coli EPI300 clones pMCH-vtaA8 (vtaA8) and pMCH-vtaA9 (vtaA9), also carrying pEGFP,
were incubated for 1h or 3h with PAMs and the interaction with the macrophages was
analysed by flow cytometry. Results show the macrophages with fluorescent bacteria
given by GFP and measured in FL1 (gates B and C, for 1h and 3h, respectively). E. coli with
the empty vector pACYC184 and pEGFP was used as control. Percentages of macrophages
in gates A, B and C are included in the panels.
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After 1h of incubation at 372C, 29% of PAMs incubated with EPI300 (pACYC184
pEGFP) had associated bacteria (gate B of control panel) and at 3h almost all
bacteria were degraded, as shown by a reduction in fluorescence intensity (xmean
of 40, gate C of control panel). In contrast, PAMs incubated 1h with EPI300 (pMCH-
vtaA8 pEGFP) or EPI300 (pMCH-vtaA9 pEGFP) showed lower percentage of
macrophages with fluorescent bacteria than the control with the empty vector
(around 10%; Fig. 3, gate B of panels vtaA8 and vtaA9). After 3h of incubation, a
high percentage of PAMs had associated EPI300 (pMCH-vtaA8 pEGFP) and EPI300
(pMCH-vtaA9 pEGFP) (Fig. 3, gate C of panels vtaA8 and vtaA9). However, the
mean fluorescence intensity of these macrophages was higher than the
macrophages with control bacteria (Fig. 3; gate C xmean of 50 and 95.5 for vtaA8
and vtaA9, respectively), indicating that those clones required longer periods of
incubation for being finally phagocyted and for complete bacterial destruction.
Simultaneous incubation of both the clones had no synergic effect in phagocytosis.
As control, growth curves of the clones in this study were evaluated and no
differences were observed (data not shown), indicating that differences in
phagocytosis susceptibility were not due to differences in growth.

Attachment of the clones was also examined by incubating the clones with PAMs
on ice. EPI300 (pMCH-vtaA8 pEGFP) and EPI300 (pMCH-vtaA9 pEGFP) showed no
reduction in adhesion to the surface of the PAMs, as compared to EPI300
(pACYC184 pEGFP) (Fig. 4), indicating that the differences observed in
phagocytosis assays were not due to differences in adhesion ability. In fact, a slight

increase in attachment was observed in EPI300 (pMCH-vtaA8 pEGFP).
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Figure 4 - VtaA8 and VtaA9 did not reduce bacterial attachment to PAMs.

Flow cytometry of PAMs after 1h incubation at 0°C with EPI300 (pACYC184 pEGFP) (gray
histogram), EPI300 (pMCH-vtaA8 pEGFP) (solid line) and EPI300 (pMCH-vtaA9 pEGFP)
(dotted line).

Bacterial survival in the presence of PAMs

Survival kinetics of EPI300 (pMCH-vtaA8) and EPI300 (pMCH-vtaA9) was
examined after 1h, 2h, 3h and 5h of incubation with PAMs. Although EPI300
(pMCH-vtaA8) showed better survival after 1 h of incubation and EPI300 (pMCH-
vtaA9) after 2 h or longer incubations times, no significant differences with EPI300
(pACYC184) were observed. This may indicate that there is a small difference in
survival (not detected by this test) that can be discerned only after successive

passes with PAMs (as the selection of the clones was performed).
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Surface detection of VtaA8 and VtaA9

Preliminary observations of different auto-agglutination patterns were detected in
EPI300 (pMCH-vtaA8) and EPI300 (pMCH-vtaA9) with respect to the control,

pointing out differences on the surface of the clones (Figure 5).

Figure 5. Auto-agglutination patterns of EPI300 (pMCH-vtaA8) (centre) and
EPI300 (pMCH-vtaA9) (left) as compared to the control EPI300 (pACYC184)
(right).

To confirm the surface expression of VtaA8 and VtaA9 in the clones, mAb were
produced against the proteins and were used in flow cytometry. MAb 69C6, which
demonstrated by ELISA and western blot reaction against both VtaA8 and VtaA9,
also showed a positive reaction with the clones EPI300 (pMCH-vtaA8) and EPI300
(pMCH-vtaA9) in flow cytometry (Fig. 6). These results indicate that effectively the

proteins VtaA8 and VtaA9 are expressed by the corresponding clone.

In addition, mAb 69C6 also detected an epitope on the surface of strain PC4-6P,

which was not detected in nasal strain F9 (Fig. 7).
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Figure 6 . Detection of VtaA8 and VtaA9 on the surface of the corresponding clone.

E. coli EPI300 (pMCH-vtaA8) (bold line) and EPI300 (pMCH-vtaA9) (fine line) were
incubated with monoclonal antibody 69C6 directed against VtaA8 and VtaA9. Reaction
was then detected with an anti-mouse antibody conjugated with FITC and analyzed by
flow cytometry. E. coli EPI300 (pACYC184) served as negative control (shown in gray).
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Figure 7 -Detection of VtaA8 and VtaA9 on the surface of H. parasuis.

Phagocytosis resistant strain PC4-6P was incubated with monoclonal antibody 69C6
directed against VtaA8 and VtaA9. Reaction was detected with a FITC-conjugated anti-
mouse antibody and analyzed by flow cytometry (bold line). Phagocytosis susceptible
strain F9 was included as negative control (shown in gray). As an additional control, PC4-
6P incubated only with the secondary antibody is also shown (fine line).

Intracellular localization of phagocyted bacteria
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To explore the role of VtaA8 and VtaA9 in phagocytosis resistance, we examined
the bacterial trafficking within the endosomal network. Initially, experiments with
the phagocytosis-resistant strain PC4-6P and the phagocytosis-susceptible strain
F9 of H. parasuis were performed. As previously described [20], PC4-6P, which is a
systemic strain, showed a lower level of association with the macrophages than the
nasal strain F9. After incubation of the H. parasuis strains for 1 h with PAMs, we
labelled EEA1 (as early endosome marker) and the bacteria. Bacterial co-
localization with this marker was quantified as the percentage of infected
macrophages with co-localizing bacteria marker. No differences were detected in
the co-localization of H. parasuis F9 and PC4-6P with EEA1, which was observed in
a low percentage of infected macrophages (Fig. 8). Since endosomal compartments
acidify during the maturation process, LysoTracker Red DND-99 was used to
monitor the maturation of endocytic compartment. With this marker, clear
differences were observed in co-localization of strains PC4-6P and F9 (p=0.001).
Strain F9 was found in acidic compartments (co-localizing with LysoTracker Red

DND-99) approximately two times more frequently than strain PC4-6P (Fig.8).
These results suggest that F9 bacteria are properly internalized and degraded in

acidic compartments while phagocytosis of the few internalized PC4-6P bacteria is

postponed.
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Figure 8 - Intracellular localization of two different H. parasuis strains: F9 (non-
virulent strain) and PC4-6P (virulent strain) within the endosomal network of
PAMs.

After 1 h of incubation with PAMs, bacteria were labelled with a rabbit anti-H.
parasuishyperimmune serum followed by an anti-rabbit-FITC (green signal) and nuclei
were counterstained with DAPI (blue signal). Upper panels show the co-localization
between F9 (left panel) or PC4-6P (right panel) and the early endosomal marker EEA1.
EEA1 was stained with goat anti-EEA1 and anti-goat-TRITC (red) antibodies. Lower panels
show the co-localization between F9 (arrow in the left panel) or PC4-6P (detail in the inset
in the right panel) and the acidic lysosomes stained with LysoTracker Red DND-99 (red
signal). Percentages of co-localization are indicated in each panel. Scale bars, 5 um. The
images showing the individual fluorescence are presented in supplementary figure S1
(ANNEX 2).

In order to examine whether VtaA8 and VtaA9 play a role in altering the
endocytosis route, co-location of EPI300 (pMCH-vtaA8 pEGFP) and (pMCH-vtaA9
pEGFP) with EEA1 and lysotracker was studied. After 1h of incubation on ice to
synchronize attachment, subsequent time points (30 min and 1h) at 372C were
analyzed. After 30 min of phagocytosis, a small percentage of macrophages showed
the control EPI300 (pACYC184 pEGFP) in EEA1-positive compartments, while the
majority had the E. coli control in lysotracker-positive compartments, indicating its

main localization in acidic compartments (Fig. 9). In contrast, EPI300 (pMCH-
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vtaA8 pEGFP) and EPI 300 (pMCH-vtaA9 pEGFP) were detected in EEA1-positive
compartments more frequently than the control (20% and 33% respectively vs.
14%) at 30 min, but these differences were not statistically significant (p>0.05). In
addition, EPI300 (pMCH-vtaA8 pEGFP) and EPI300 (pMCH-vtaA9 pEGFP) showed
a reduced co-localization with lysotracker after 30 min of phagocytosis as
compared to the control (11% and 21% vs. 70%, p<0.001; Fig. 9).

After 1h of phagocytosis, the percentage of macrophages with EPI300 (pACYC184
pGFP) in EEAl-positive compartments increased as compared to 30 min (although
no statistically significative), while the co-localization with lysotracker showed a
reduction (p=0.02; Fig. 9). These results are compatible with a second wave of
phagocytosis of these bacteria. Co-localization of EPI300 (pMCH-vtaA8 pEGFP)
with EEA-1 and lysotracker was found in higher percentage of macrophages after
1h than at 30 min, indicating a progressive trafficking within the endocytic
pathway. This progression was more clearly observed in EPI300 (pMCH-vtaA9
pEGFP) infected macrophages, which showed a high percentage of co-localization
with lysotracker after 1h of phagocytosis (p=0.004; Fig.9).

Taken together, these results support a delay in the processing by macrophages of
the E. coli clones carrying the VtaA8 or VtaA9 genes with respect to the control

carrying the empty vector.
No apoptosis, as determined by caspase-3 detection, was observed after incubation

of PAMs with H. parasuis strains PC4-6P or F9, or after incubation with the vtaA8

and vtaA9 clones (not shown).
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EEA1
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Lysotracker
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Figure 9 - Intracellular localization of the E. coli clones carrying vtaA8 and vtaA9
from H. parasuis within the endosomal network of PAMs at different times post-
infection (30 min and 1h).

E. coli (pACYC184 pEGFP) (Control, first column) and the clones with vtaA8 (pMCH-vtaA8
pEGFP; vtaA8, second column) or vtaA9 (pMCH-vtaA9 pEGFP; vtaA9, third column) were
expressing GFP (green signal). Nuclei were counterstained with DAPI (blue signal). Upper
panels show the co-localization (arrows) between control, vtaA8 or vtaA9 and the early
endosomal marker EEA1 (red signal). Lower panels show the co-localization (arrows)
between control, vtaA8 or vtaA9 and the acidic lysosomes stained with LysoTracker Red
DND-99 (red signal). Percentages of co-localization are indicated in each panel. Scale bars,
5 um. Individual images for each fluorescence are presented in the supplementary figures
S2A and S2B (ANNEX 3).
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Opsonophagocitosis

The opsonic capacity of mAb 69C6 (isotype IgG2b) and 95F4 (IgM, selected for its
reaction against VtaA8 and VtaA9 in ELISA, but not in western blotting) was
evaluated. After incubation of the phagocytosis-resistant strain PC4-6P with the
antibodies to allow for opsonization, phagocytosis was examined by flow
cytometry. Opsonization of the resistant strain PC4-6P with mAb 69C6 or 95F4
yielded the strain susceptible to phagocytosis by PAMs, to levels similar to the
nasal strains included in the assay (Fig. 10). MAb 80H8 (isotype IgG2b) showed no
opsonic capacity in this assay (Fig. 10).
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Figure 10 - Opsonic capacity of monoclonal antibodies anti-Vta8 and VtaA9 as
determined in opsophagocytosis assay.

Phagocytosis resistant strain PC4-6P (red bars) was incubated with monoclonal
antibodies 69C6, 95F4 and 80HS8, against VtaA8 and VtaA9, to allow opsonization of the
bacteria. The opsonic capacity of these antibodies was then evaluated in an
opsonophagocytosis assay with porcine alveolar macrophages (PAMs). Opsonization with
a rabbit anti-H. parasuis serum was included as positive control. Also, two phagocytosis
susceptible strains, SW114 and F9 (green bars), were included in the assay. MO indicates
non-infected macrophages (white bar). Results show the mean of the percentage of PAMs
with associated bacteria from triplicate wells, and error bars are the standard deviation.
For strain SW114 the error bar is too small to be seen. Significant differences were
detected between the phagocytosis after PC4-6P opsonization with 69C6, 95F4 and rabbit
anti-H. parasuis comparing to the non-opsonized PC4-6P (Student T-test, p<0.001).
Monoclonal 80H8 demonstrated no opsonic capacity.
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Discussion

In this study, we provide evidence showing that two trimeric autotransporters of
H. parasuis, VtaA8 and VtaA9, are surface-exposed proteins that are involved in
resistance to phagocytosis. Since the production of mutants in H. parasuis is
hindered by low and strain-dependent transformation efficiency [7, 24], we
decided to use the strategy of studying the function of specific genes in the
heterologous host E. coli. Thus, the expression of the individual proteins in E. coli,
although was not enough to prevent phagocytosis, produced a delay in the
phagocytosis process. This strategy allowed us also to circumvent the problem
derived from the existence of several vtaA in H. parasuis [9], which suggests a
functional redundancy.

Trimeric autotransporters mediate virulence mechanisms in other Gram-negative
bacteria [25-27] and their involvement in phagocytosis resistance has been
previously demonstrated in Neisseria meningitiditis, a Gram-negative bacterium
capable to produce systemic disease [28]. Recently, VtaA genes of group 1 (in
which vtaA8 and vtaA9 are included) have been found widely represented in
virulent strains of H. parasuis [9, 29]. When expressed in E.coli, VtaA8 and VtaA9
promoted resistance to phagocytosis by PAMs in an attachment-independent way.
Both, flow cytometry and fluorescent microscopy support the role of these
proteins in phagocytosis, but the proteins were unable to block the process and the
bacteria eventually proceeded into the endocytic network. Our results indicate that
VtaA8 and VtaA9 alone are not sufficient to avoid phagocytosis, and other factors
may be involved, such as capsule, as it was previously suggested [20].

The N-terminal domain of trimeric autotransporters is exposed to the external
media and to the host immune response [11]. The exposure of VtaA8 and VtaA9 on
the bacterial surface was demonstrated with monoclonal antibodies. The presence
of these proteins on the surface of virulent strain PC4-6P, while absent on the non-
virulent strain F9, support the association of these trimeric autotransporters with
virulence. In addition, the antibodies produced against the VtaA8 and VtaA9 of the
Nagassaki strain were able to recognize the heterologous virulent strain PC4-6P.
Although a mixture of VtaAs was not able to fully protect against a severe H.

parasuis challenge [32], this cross-reactivity supports the potential of these
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proteins as candidates in vaccine formulations against H. parasuis. VtaA8 and
VtaA9 probably are redundant proteins affecting the PAMs through the same
mechanism, since co-incubation with both proteins (both clones) did not increase
synergistically the effect against bacterial phagocytosis. Directing the immune
response to common epitopes from both proteins can constitute a rational to
improve the probability of vaccine success. Nevertheless, the choice of adjuvant is
also important for the induction of the right antibody subclass, since not all the
IgGisotypes have the same capacity to promote opsonophagocytosis [30, 31].

In conclusion, VtaA8 and VtaA9 are surface exposed proteins that play a role in
phagocytosis resistance in virulent strains of H. parasuis. VtaA8 and VtaA9 share
epitopes, which are also present on the surface of heterologous virulent strains.
These properties make these proteins promising vaccine candidates against

Glasser’s disease.
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RESULTS

CHAPTER 2.

Changes in macrophage phenotype after infection of pigs with

Haemophilus parasuis strains of different virulence
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Summary

Haemophilus parasuis is a colonizer of healthy piglets and the etiological agent of
Glasser’s disease. Differences in virulence among strains of H. parasuis have been
widely observed by different tests, including experimental infections and in vitro
assays. Here, we performed an infection via intranasal of snatch farrowed,
colostrum-deprived piglets with 4 strains of H. parasuis: reference virulent strain
Nagasaki, reference non-virulent strain SW114, and field strains IT29205 (from
systemic lesion and virulent in a previous challenge) and F9 (from nasal cavity of
healthy piglet). Two non-infected animals served as controls. At different times
after infection (1, 2, 4 and 7 days) two animals of each group were euthanized and
alveolar macrophages were analysed by flow cytometry with specific antibodies to
CD163, CD172a, SLAI, SLAII, Sialoadhesin, CD14 and SWC8. At 1dpi, non-virulent
SW114 and F9 strains induced higher expression of CD163, sialoadhesin, SLAII and
CD172a in the surface of the macrophages than virulent strains Nagasaki and
IT29205. At 2dpi, the situation switched into a strong expression of CD172a,
CD163 and sialoadhesin by the virulent strains, which was followed by a steep
increase in IL-8 and soluble CD163 at 3-4 dpi. The early increase of surface-
expression of CD163 and sialoadhesin in macrophages induced by non-virulent
strains went along with higher level of IL-8 in serum than the level induced by
virulent strains in the first 2 days of infection, and interestingly by INF-a, which
was not induced by virulent strains. Overall, virulent strains delay the activation of
macrophages as compared with non-virulent strains, down-regulating the levels of
CD163, sialoadhesin, SLA II and CD172a. This delay in macrophage activation may

be critical for disease production.
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Introduction

Haemophilus parasuis is the etiological agent of Glasser’s disease, a systemic
disease characterized by fibrinous polyserosytis [1]. Infection by H. parasuis is
common in commercial farms and Glasser’s disease is recognized as one of the
main causes of economic loss in the pig industry [2]. H. parasuis contains also non-
virulent strains, which are considered part of the respiratory microbiota. However,

the differences between virulent and non-virulent strains are not well defined.

During the first hours of infection H. parasuis can be isolated from the lungs of
animals experimentally infected via intranasal [3]. In this location, H. parasuis
comes into contact with cells of the immune system, such as the alveolar
macrophages. Virulent strains of H. parasuis have been shown to be resistant to
phagocytosis by alveolar macrophages by avoiding uptake [4]. In addition to
evading direct killing by macrophages, phagocytosis resistance may imply a delay
in the interaction with the immune system, preventing the induction of a proper
response by the host. Macrophages are common target for bacterial pathogens that
benefit from avoiding an encounter with the immune system, as well as those that
are aiming to secure systemic spread [5]. In addition, macrophages have important
regulatory and effector functions in the immune response. Several molecules in the
surface of macrophages are regulated during their maturation and differentiation
process and these surface changes might account for their heterogeneity and
functional plasticity, which is associated with different capacity to process and
present antigens, release cytokines and other mediators, recruit other cells to the
site of infection and coordinate their responses to clear the microbe [6, 7]. When
stimulated, macrophages adopt context-dependent phenotypes that either
promote or inhibit host antimicrobial defense, inflammatory and immune

responses [7, 8].

Recently, Ondrackova et al. [9] investigated changes in macrophage populations
following Actinobacillus pleuroneumoniae infection using a combination of myeloid
markers. In that study macrophages from non-infected piglets were described as
CD14+, CD163+, CD172ah, and SLAII* (SLA, Swine histocopatibility leucocyte
antigen), SWC8-, discerning between FSCl° and FSCM (for mature and less mature

macrophages).
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A description of transcriptional changes in porcine alveolar macrophages after
virulent H. parasuis infection has been recently reported [10]. After 6 day of
infection, alveolar macrophages showed up-regulation of genes involved in
immune and inflammatory response through regulation of certain pathways like
cell adhesion, cytokine-cytokine receptor interaction, complement and coagulation
cascades, toll-like receptors and MAPK signalling [10]. Other studies have
described differences in host susceptibility to infection with virulent H. parasuis
[11], which were confirmed at transcriptional level, finding a correlation between
the animal susceptibility and a reduction in the expression of genes involved in the
antigen presentation pathway and increase in the expression of genes involved in

inflammation [12].

Here, using flow cytometry and monoclonal antibodies (mAb) against surface
markers, we have studied the lung macrophages after H. parasuis infection.
Changes in the expression of CD163, sialoadhesin, CD172a, SLA I, SLA Il and CD14
of BALF cells from animals infected with virulent and non-virulent strains were
determined and their role in tuning the immune response during H. parasuis

infection and influence in the final outcome of the disease are discussed.
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Materials and methods

Animal infection

Animal care and all procedures described were performed in accordance with the
regulations required by the Ethics Commission in Animal Experimentation of the
Generalitat de Catalunya (Approved Protocol Number 5796). H. parasuis infection
was performed as previously described [13] with 33 snatch-farrowed colostrum-
deprived piglets. The animals were obtained from a conventional farm with a
standard health status. Briefly, sows were seropositive against porcine
reproductive and respiratory virus (PRRSV) and swine influenza, and seronegative
against Aujeszky’s disease virus. Piglets were seronegative for porcine circovirus 2
(PCV2), but positive for PRRSV. The outline of the experiment is presented in Table
1.

Table 1. Scheme of the animal experiment, including the Haemophilus parasuis
strains used and their main characteristics

Number of animals necropsied at
different times after inoculation

Strain Strain Bacterial ~ Number
characteristics inoculum § ofanimals 1day 2days 3days 4 days 5days 7 days

Nagasaki Reference, 4x106 8 2 2 3 1 - -
virulent,
serovar 5

IT29205 Isolated from 8x 107 8 2 2 - 2 1 1
lesion, virulent,
serovar 4

SW114  Reference, non- 8x108 7 2 2 - 2 - 1
virulent,
serovar 3

F9 Isolated fromnasal 5 x 108 8 2 2 - 2 - 2
cavity,
non-virulent*,
serovar 6

* Non-virulent in in vitro assays (phagocytosis and serum sensitive, non-invasive in
endothelial cells.
§ Colony forming units (CFU) per animal
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Bacterial suspensions for inoculation were made in phosphate buffered saline
(PBS) from overnight cultures of the four H. parasuis strains on chocolate agar
plates. Suspensions were adjusted to get the desired bacterial concentration (Table
1). The real number of bacteria in the suspensions was confirmed by serial dilution
and plating on chocolate agar. At 1 month of age, groups of 8 piglets were
intranasally inoculated with 1.5 ml (0.75 ml per nostril) of the corresponding
bacterial suspension using a plastic syringe. For strain SW114 only 7 piglets were

available.

After 1, 2, 4 and 7 days (or at other times if the animals showed signs of suffering),
two piglets from each group were euthanized. Lesions were assessed and samples
for bacterial culture were taken. In addition, brochoalveolar lavage fluid (BALF)
was performed with sterile PBS. Cells in the BALF were pelleted at 300 x g for 10
min and stored at -80°C until analysed. Analysis of the cells was performed within

one month of necropsy.

H. parasuis isolation

Swabs from peritoneal, thoracic, pericardial and nasal cavity, meninges, lung and
joints were taken and immediately transferred to the laboratory for bacterial
isolation on chocolate agar plates. Also, BALF and blood samples were examined
for H. parasuis presence. After 24-48 h of incubation at 372C, H. parasuis growth
was semi-quantified as previously described [13]: a score of 3 was assigned to
samples with confluent growth, 2 to samples yielding isolated colonies (down to
20 colonies), 1 to samples yielding 1 to 19 colonies and 0 to samples yielding no
bacterial growth. Two animals served as non-infected controls and were processed

as the rest.

Analysis of alveolar macrophages

Macrophages recovered from the infected pigs at different times after infection
were processed for the detection of surface CD163, CD172a, SLAII, SLAI, CD14,
SWC8 and sialoadhesin with specific monoclonal antibodies (mAb) [7]. An

irrelevant mAb was used as negative control. Macrophages were incubated on ice
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for 40 min with each of the hybridoma supernatant, washed three times in 1%
fetal bovine serum (FBS)-PBS and the bound antibody was detected with a FITC-
conjugated goat anti-mouse IgG (Jackson ImmunoResearch Europe Ltd, UK) for 30
min, except for CD14 that was detected directly with a FITC-conjugated mAb a-pig
CD14 (clone MIL-2, AbD Serotec, UK). Label intensity in the samples (identified by
FL1 x-mean in the gated population) was determined by flow cytometry in a BD

FACSAria I Flow cytometer (Becton Dickinson, Madrid, Spain).

Non-specific phagocytosis assay

Formaline-killed Escherichia coli strain ATCC 25922 was used as particles for
phagocytosis. Overnight bacterial growth was resuspended in PBS and formalin
was added to a final concentration of 1%. This suspension was incubated during
1h at room temperature to Kkill the bacteria. After washing with PBS, fluorescein
isothiocyanate (FITC) was added to a final concentration of 100 pg/ml and
incubated 1h at 372C. Unbound FITC was eliminated by washing with PBS, and the

labelled E. coli was stored at 4°C until used.

For phagocytosis assays, macrophages recovered from the pigs were counted and
seeded in 6 well-plates at a concentration of 5 x 105 cells per well in 3 ml of
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and
1% L-glutamine (CDMEM). Plates were incubated at 37°2C with 5% CO2,and after
attachment of the cells to the wells for 1h. FITC-labelled E. coli was added to each
well and incubated for 30 min. PAMs from non-infected animals were pre-treated
with 100 pg/ml of IL-8 to evaluate their role in phagocytosis. After 2 washes,
macrophages with associated bacteria were analysed in a BD FACSAria I Flow
cytometer (Becton Dickinson). Phagocytosis experiments were performed one

time in duplicate wells.
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In vitro infection of alveolar macrophages with H. parasuis

Porcine alveolar macrophages (PAMs) from healthy animals were seeded in 6-well
plates at a concentration of 5 x 105 cells in 3 mL per well of CDMEM. After
overnight incubation at 372C with 5% CO2 wells were inoculated with H. parasuis
at a multiplicity of infection (MOI) of 1 or 200 and incubated during 20h or 1h,
respectively. After washing with PBS, PAMs were scrapped and surface expression

of CD172a, CD163, Sialoadhesin, SLAII and SLAI was analyzed as described above.

Soluble CD163, INF-a and IL-8 detection

Soluble CD163 (sCD163) was quantified in sera by a previously described ELISA
[14]. IL-8 was detected in sera by ELISA using a swine IL-8 kit (KingFisher Biotech,
INC. St Paul MN, USA) following manufacturer’s instructions. INF-a was
determined in sera by ELISA using anti-a-IFN monoclonal antibodies (K9 and F17)
and recombinant IFN-a (PBL Biomedical Laboratories, Piscataway, NJ, USA) as
described before [15, 16] with some modifications. Briefly, ELISA plates were
coated with anti-pig I[FN-a mAb K9 (0.5 pg /ml in carbonate-bicarbonate buffer
[pH 9.4]). After blocking with PBS containing 0.05% Tween-20 and 0.5% bovine
serum albumin, serum samples were added to the wells and incubated for 1h at
379C. After washing, biotinylated pig IFN-a mAb F17 was added to the wells and
incubated for 1h at 372C. Finally, peroxidase-conjugated streptavidin was added
and incubated 30 min at 37°2C. Reactions were developed with 3,3’5,5-
tetramethylbenzidine (TMB). Non-infected animals provided basal levels of
cytokine expression. INF-a was also determined in supernatants of in vitro infected

PAMs following the above described protocol.
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Results

Clinico-pathological findings and bacterial isolation

Pulmonary and systemic infections in the animals at time of necropsy are

summarized in Table 2. As expected, animals infected with virulent strains

Nagasaki or 1T29205 showed severe lesions of Gldsser’s disease, while animals

infected with the non-virulent strains SW114 or F9 continued healthy during the

experiment (with the exception of one animal infected with SW114, which showed

systemic lesions).

Table 2. Lesions and bacterial recovery from pigs infected with virulent strains
Nagasaki and IT29205 or non-virulent strains SW114 and F9. The animals were

sacrificed at different time points and necropsies were performed.

Pulmonary infection Systemic infection

Strain Time of Bacteri#al CPBN* Bacteri$a1 Bacteria Fibrinous. . Fibrir}(?us

necropsy score score in blood poliserositis arthritis
Nagasaki 1 dpi 2/2 -/- 0/0 0/0 -/- i

2 dpi 0/1 /- 0/0 0/0 -/- -/-

3 dpi 3/3/3 -/- 14/13/11  3/3/3 +/+/+ +/-/-

4 dpi 3 - 11 3 + -
IT29205 1dpi 0/3 -/- 0/1 0/1 -/- +b/-

2 dpi 1/1 -/- 0/1 0/1 -/- A

4-58dpi 1/3/3 -/+ 7/17/15 1/3/3 -/+/- +/-/+

7 dpi 1 - 0 1 ; +b
SW114 1 dpi 0/2 -/- 0/0 0/0 -/- -/-

2 dpi 0/1 -/- 0/0 0/0 -/- -/-

4 dpi 0/1 -/- 0/9 0/1 -/+ -/+

7 dpi 0 - 0 0 -/- -/-
F9 1 dpi 0/1 -/- 0/0 0/0 -/- -/-

2 dpi 0/0 /- 0/0 0/0 -/- -/-

4 dpi 0/2 -/- 0/1 0/1 -/- -/-

7 dpi 0/1 -/- 0/3 0/0 -/- -/+

# bacterial score of each animal in pulmonary samples

* Catarral-purulent bronchopneumonia

$ Bacterial score of each animal calculated as the sum of the score in blood, abdominal cavity, thorax,
pericardium, meninges and the maximum score found in four joint samples.

b mild lesion

§ 2 animals were sacrificed at day 4 and a third one on day 5



Although the dose of Nagasaki was reduced to avoid excessive mortality, 3 animals
infected with this strain had to be euthanized at day 3 and the last animal was
euthanized at 4 days post-infection (dpi); no animal survived till day 7. H. parasuis
Nagasaki was found in lung at 1 and 2 dpi. As infection progressed, Nagasaki was
recovered in high quantities from systemic organs, including blood, pericardium,
joints and brain, at 3 dpi and 4 dpi (Table 2). In the case of strain IT29205,
pulmonary infection was detected in the infected animals at 1 dpi and 2 dpij,
followed by systemic infection at 4 dpi with severe Glasser’s disease lesions. After
5 dpi, one animal died from sepsis and arthritis, while the other one survived until

day 7 displaying no clinical signs.

Animals infected with SW114 and F9 exhibit large amounts of bacteria in nasal
cavities at all time points. While in general piglets infected with the non-virulent
strains stayed healthy, one piglet infected with SW114 showed arthritis and
polyserositis at 4 dpi, with systemic isolation of the bacteria. In the case of F9, one
animal showed arthritis in the right elbow at 7 dpi, with recovery of the bacteria.
No lesions were determined at any time point in the rest of the animals infected
with SW114 or F9 strains. Nonetheless, bacteria were recovered in low quantities

from the BALF at 1 dpi and 2 dpi.

Changes in BALF cell population

Cells recovered from BALF were analysed with specific mAb by flow cytometry.
Macrophages were identified according to their light scatter properties (FSC and

SS) and the expression of the pan-myelomonocytic marker CD172a (Fig. 1).
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Figure 1. Analysis of the BALF cells by flow cytometry.

Gate for analysis of macrophages (P2) was selected by forward and side scatter
characteristics (FS-SS) and positivity to CD172a (Panel A). Panel B shows the results of the
negative control for the labelling. Gate P2 was used in further analysis of macrophages
markers.

At early time points (1dpi), the gated population from animals infected with
virulent strains showed SWC8+ cells, which were not detected in animals infected
with non-virulent strains or non-infected animals. After 2 days, the SWC8+ cells

were not detected.

Surface markers were analysed taking together the data from animals infected

with virulent strains versus non-virulent strains at each time point.

CD172a

Differences of CD172a expression were found between animals infected with
virulent or non-virulent strains, with the exception of the animals examined at 7
dpi (Fig. 2). At 1 dpi, macrophages from animals infected with virulent strains

Nagasaki and IT29205 showed lower intensity of labelling (as FL1 x-mean) with
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anti-CD172a than macrophages from animals infected with non-virulent strains
(Student’s T-test, P=0.02) and non-infected animals (Student’s T-test, P=0.02). In
contrast, at 2dpi, Nagasaki and IT29205 infection produced a significant increase
in CD172a expression, as compared with the macrophages from animals infected
with non-virulent strains SW114 and F9 (Student’s T-test, P=0.008) or non-
infected animals (Student’s T-test, P=0.02) (Fig. 2). At 3-5 days, virulent strains
produced lower levels of CD172a in macrophages, compared with non-virulent
strains (Students’s T-test, P=0.04) and non-infected animals (Student’s T-test,

P=0.001).
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Figure 2. CD172a expression in the macrophages from animals infected with H.
parasuis virulent strains (black circle) or non-virulent strains (white triangles) at different
times after inoculation. The level of expression of non-infected animals is included as
control (white squares). CD172a was detected with a specific monoclonal antibody,
followed by a FITC-conjugate anti-mouse antibody and analysis by flow cytometry. Results
are the mean of the x-mean # standard deviation. Statistical differences were established
by Student’s T-test (*: P<0.05; **: P<0.01; ***: P<0.001). Asterisks at the left of each
symbol represent differences with non-infected controls.
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CD163

Regarding CD163 expression, significant differences were detected when animals
infected with virulent strains were compared with those infected with non-

virulent strains at 1 and 2 dpi (Fig. 3).
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Figure 3. CD163 expression in the macrophages from animals infected with H.
parasuis virulent strains (black circle) or non-virulent strains (white triangles) at different
times after inoculation. The level of expression of non-infected animals is included as
control (white squares). CD163 was detected with a specific monoclonal antibody,
followed by a FITC-conjugate anti-mouse antibody and analysis by flow cytometry. Results
are the mean of the x-mean # standard deviation. Statistical differences were established
by Student’s T-test (*: P<0.05; **: P<0.01; ***: P<0.001). Asterisks at the left of each
symbol represent differences with non-infected controls.

At 1dpi, Nagasaki and 1T29205 strains down-regulated the amount of CD163 on
the surface of macrophages as compared with the levels in macrophages of non-
infected piglets and piglets infected with non-virulent strains (Student’s T-test,
P=0.009 and P=0.00001, respectively). SW114 and F9 strains caused an increase in
CD163 expression as compared with control piglets (Student’s T-test, P=0.04) after

1 day of infection. After 2 days, the tendency switched and virulent strains
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produced a sharp increase in the CD163 expression as compared with non-infected
control (Student’s T-test, P=0.0009), indicating a massive but probably late
activation of macrophages, while expression in the macrophages from animals
infected with non-virulent strains came down to control levels. At later time points,
virulent and non-virulent strains did not modify the levels of CD163 in the surface

of macrophages, which were similar as non-infected animals (Fig. 3).

Sialoadhesin

When expression of sialoadhesin was examined, macrophages from animals
infected with virulent strains presented lower sialoadhesin on their surfaces than
macrophages from animals infected with non-virulent strains at 1dpi (Student’s T-
test, P=0.02; Fig 4). This tendency shown at 1dpi, switched at 2 dpi, when detection
of sialoadhesin was higher in macrophages from animals infected with virulent
strains than in macrophages from animals infected with non-virulent strains
(Student’s T-test, P=0.005) or from non-infected animals (Student’s T-test,
P=0.000004; Fig. 4). After 3-5 dpi, macrophages from all H. parasuis infected
animals decreased their levels of sialoadhesin expression as compared with the
non-infected animal (Student’s T-test, P=0.0007; Fig. 4). Interestingly, at later time
points (7 dpi), infection by non-virulent strains significantly increased the
expression of this marker compared with non-infected animals (Student’s T-test,
P=0.01; Fig 4). The only remaining animal infected with a virulent strain at this
time point exhibited lower levels of sialoadhesin on the surface of macrophages
than non-infected animals (Student’s T-test, P=0.0007) or animals infected with

non-virulent strains (Student’s T-test, P=0,04).
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Figure 4. Sialoadhesin expression in the macrophages from animals infected with H.
parasuis virulent strains (black circle) or non-virulent strains (white triangles) at different
times after inoculation. The level of expression of non-infected animals is included as
control (white squares). Sialoadhesin was detected with a specific monoclonal antibody,
followed by a FITC-conjugate anti-mouse antibody and analysis by flow cytometry. Results
are the mean of the x-mean # standard deviation. Statistical differences were established
by Student’s T-test (*: P<0.05; **: P<0.01; ***: P<0.001). Asterisks at the left of each
symbol represent differences with non-infected controls.

SLAIl

As observed with other markers, virulent strains down-regulated the expression of
SLA II on the macrophages at 1 dpi as compared with non-infected control
(Student’s T-test, P=0.008) and non-virulent strains (Student’s T-test, P=0.02; Fig.
5). This effect switched at 2 dpi, when macrophages from animals infected with
virulent strains showed higher x-mean as compared with animals infected with
non-virulent strains and non-infected animals, but these differences were not
significant (Fig.5). At 3-5 dpi, animals infected with virulent strains showed lower
levels of SLAII on their macrophages than those infected with non-virulents strains

(Student’s T-test, P=0.001) and than the non-infected controls (Student’s T-test,
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P=0.03) (Fig. 5). Later on, at 7 dpi, no significant differences in SLAII expression

were found.
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Figure 5. SLAII expression in the macrophages from animals infected with H. parasuis
virulent strains (black circle) or non-virulent strains (white triangles) at different times
after inoculation. The level of expression of non-infected animals is included as control
(white squares). SLAII was detected with a specific monoclonal antibody, followed by a
FITC-conjugate anti-mouse antibody and analysis by flow cytometry. Results are the mean
of the x-mean + standard deviation. Statistical differences were established by Student’s T-
test (*: P<0.05; **: P<0.01; ***: P<0.001). Asterisks at the left of each symbol represent
differences with non-infected controls.

SLAI

No major differences were found when the intensity of SLA I was examined (Fig.
6), only at 3-5 dpi, SLAI showed lower levels in macrophages from animals infected
with virulent strains than those infected with non-virulent strains (Student’s T-

test, P=0.014; Fig. 6. No differences with control animals were found in any case.
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Figure 6. SLAI expression in the macrophages from animals infected with H. parasuis
virulent strains (black circle) or non-virulent strains (white triangles) at different times
after inoculation. The level of expression of non-infected animals is included as control
(white squares). SLAI was detected with a specific monoclonal antibody, followed by a
FITC-conjugate anti-mouse antibody and analysis by flow cytometry. Results are the mean
of the x-mean + standard deviation. Statistical differences were established by Student’s T-
test (*: P<0.05; **: P<0.01; ***: P<0.001). Asterisks at the left of each symbol represent
differences with non-infected controls.

CD14

Differences in CD14 surface expression were found at 2 dpi between macrophages
from animals infected with virulent strains and those infected with non-virulent
strains (Student’s T-test, P=0.005; Fig. 7). At that time, macrophages from animals
infected with non-virulent strains showed a decrease in surface CD14 as compared

with non-infected controls (Student’s T-test, P=0.03; Fig. 7).
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Figure 7. CD14 expression in the macrophages from animals infected with H. parasuis
virulent strains (black circle) or non-virulent strains (white triangles) at different times
after inoculation. The level of expression of non-infected animals is included as control
(white squares). CD14 was detected with a specific FITC-antibody and analysis by flow
cytometry. Results are the mean of the x-mean + standard deviation. Statistical differences
were established by Student’s T-test (*: P<0.05; **: P<0.01). Asterisks at the left of each
symbol represent differences with non-infected controls.

Soluble CD163 (sCD163) detection

Figure 8 shows the results of the detection of sCD163 in serum.
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Figure 8. Soluble CD163 (sCD163) in serum of animals infected with different
strains of H. parasuis.

The results are shown as sCD163 (mean absorbance in ELISA + standard deviation) in sera
of animals infected with virulent strains (black circles) or with non-virulent strains (white
triangles) at different times after inoculation. The level of sCD163 found in non-infected
animals (white square) is also indicated as control. Bottom panel shows the framed area
from the top panel in expanded scale.
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Animals infected with virulent strains showed higher amounts of sCD163 after 3-4
days of infection comparing to non-infected (Student’s T-test, P=0.009) and to
animals infected with non-virulent strains (Student’s T-test, P=0.0004). These
results are in agreement with the high expression of surface CD163 observed in
PAMs of animals infected with virulent strains at 2 dpi and subsequent decrease at

later times, indicating shedding of this marker into the sera in its soluble form.

Non-virulent strains did not produce significant changes in sCD163 levels in serum

along the infection, as compared with non-infected animals.

Detection of IL-8

Figure 9 shows the results of the determination of IL8 in serum.
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Figure 9. IL-8 in serum of animals infected with different strains of H.
parasuis.

IL-8 (mean * standard deviation) was measured in sera of animals infected with virulent
strains (black circles) or with non-virulent strains (white triangles) at different times after
inoculation. The level of IL-8 found in non-infected animals (white square) is also
indicated as control.
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At 2 dpi, higher levels of IL8 were found in animals infected with non-virulent
strains when compared the level in animals infected with virulent strains
(Student’s T-test, P=0.0002). At day 3-4 dpi, the tendency switched, and the
animals infected with virulent strains showed higher IL-8 in serum than the
animals infected with non-virulent strains (Student’s T-test, P=0.006) and non-
infected animals (Student’s T-test, P=0.05). Similar levels of IL-8 were observed

between animals infected with virulent and non-virulent strains at 7 dpi.

Detection of IFN-a

At 2dpi, higher levels of IFN-a were detected in sera of animals infected with non-
virulent strains than in sera of the animals infected with virulent strains (Student’s
T-test, P=0.0004; Fig. 10). At day 3-5, animals infected with virulent strains
remained at same levels of non-infected animals, and non-virulent strains infected
animals returned to those levels, which were maintained until the end of the

experiment.

73



10

***{4—

* F ¥

IFN-alpha, pg/ml
I

) - < !
*kk ::| ***i
0 - [ ]
T T ! I
(,)@6 1 2 4 !
Q . . .
\{\\ - Time after infection, days
<&

Figure 10. IFN-a in serum of animals infected with different strains of H.
parasuis.

[FN-a (mean # standard deviation) was measured in sera of animals infected with virulent
strains (black circles) or with non-virulent strains (white triangles) at different times after
inoculation. The level of INF-a found in non-infected animals (white square) is also
indicated as control.

Non-specific phagocytic capacity of PAMs

The non-specific phagocytic capacity of PAMS was evaluated using a susceptible E.
coli strain. Macrophages recovered from animals infected with virulent strains of
H. parasuis showed a significant decrease of FITC-E. coli uptake from 1dpi to 2dpi
or 3-4 dpi (P<0.001 for animals infected with Nagasaki or with IT29205; Fig. 11).
No differences were found with macrophages from non-virulent infected animals
indicating that this function was not affected by the infection of those strains

(Fig.11).

The addition of IL-8 to macrophages from non-infected animals produced a
decrease in phagocytosis of 20-30%, which was statistically significant in one of

the animals (Student’s T-test, P<0.05; Fig. 11). Together with the high IL-8 levels
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found at 2dpi in animals infected with virulent strains, indicates how H. parasuis

may modulate the host in order to produce disease.
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Figure 11. Phagocytic capacity of alveolar macrophages from animals
infected with different strains of H. parasuis.

Alveolar macrophages from animals infected with virulent strains Nagasaki and IT29205
or with non-virulent strains SW114 and F9 at different times post-infection were infected
ex vivo with a susceptible FITC-E. coli. After 30 min of incubation, macrophages were
recovered and analysed by flow cytometry to determine the percentage of cells with
associated bacteria. Macrophages recovered from non-infected pigs were used as control.
In addition, macrophages from non-infected were processed in the phagocytosis assay in
the presence of 100 pg/ml of IL-8. Results were compared by Student’s T-test and
differences are indicated by asterisks (*: P<0.05; **: P<0.01; ***: P<0.001)

In vitro infection of PAMs

In vitro infection of PAMs with H. parasuis strains did not reproduce the effects

seen in the in vivo infection with the same strains.

When MOI 1 and 20 h of incubation were used, PAMs infected with all H. parasuis
strains expressed lower levels of surface CD172a and CD163 (Fig. 12) compared
with non-infected control PAMs (P< 0.05 and P< 0.01 for CD172a and CD163,
respectively). The rest of markers, SLAI, SLAII and sialoadhesin, did not changed
after infection. The experiments performed at MOI 200 for 1h, showed high

variability, and no differences could be determined.
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Figure 12. Expression of surface CD172a and CD163 markers by alveolar
macrophages after in vitro infection with different H. parasuis strains.

Alveolar macrophages from healthy animals were infected in vitro with H. parasuis
virulent strains Nagasaki and IT29205 or non-virulent strains SW114 and F9 at a MOI of 1.
Incubation was performed for 20h and CD172a and CD163 were detected with specific

antibodies and flow cytometry.

[FN-a was not detected in the supernatants from the in vitro infection of PAMs,

independently of the strain used for the infection. INF-a was neither detected in

non-infected wells.
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Discussion

In this study, we describe the progression of infection of four different strains of H.
parasuis in snatch-farrowed colostrum-deprived piglets. Our results demonstrate
differences in the interaction between the host and the H. parasuis strains
depending on the bacterial virulence.

The expected virulence of the strains used in this study was confirmed during the
infection. According to a previous infection [13], strain IT29205 is less virulent
than strain Nagasaki, but both virulent strains caused systemic infection after an
interval of 2 days of pulmonary infection. In contrast, the 2 non-virulent strains,
F9 and SW114, did not produce severe clinical signs and most animals remained
healthy throughout the experiment.

After the first day of infection, differences in the macrophage population were
observed between animals infected with virulent or non-virulent strains. At this
early time point, non-virulent strains induced higher level of CD172a, CD163,
sialoadhesin and SLAII in the surface of the alveolar macrophages, which may
reflect an activation of these cells [7]. This is in agreement with the susceptibility
of these strains to the phagocytosis and efficient killing by alveolar macrophages
[4]. On the other hand, this activation was not observed with virulent strains,
which caused a reduction of the expression of CD172a, CD163 and SLAIIL. The
ability of these strains to prevent the activation of the macrophages, together with
the resistance of these virulent strains to phagocytosis by alveolar macrophages
[4] would allow the establishment of infection in the lungs. Moreover, the
reduction in SLAII could reflect a diminished ability for antigen presentation, with
the subsequent delay in specific antibody production. Antibody-opsonization
would render virulent H. parasuis susceptible to killing by phagocytosis [4] and
this delay in antibody production could be essential for the success of the infection.
At this time, a population of SWC8+ was observed in the BALF of animals infected
with virulent strains, possibly due to the infiltration of neutrophils, as it has been
observed before [17, 18].

Bacterial pathogens have evolved mechanisms to interfere with phagocytosis in
order to enhance their extracellular survival and impair the development of
cellular immunity [19]. Virulent H. parasuis has different strategies to evade the

innate immune system, such as production of capsule or sialylation of LPS [4, 20].

77



In agreement, our results confirm the host inability to respond properly against
Nagasaki and IT29205 strains, which delayed the macrophage activation
compared with SW144 and F9 infected animals, leading into the development of
Glasser’s disease. This inhibition of the early response has been observed in other
bacterial pathogens, such as Salmonella typhi [21].

After 2 days, the situation changed dramatically and the tendency observed at 1
day switched into a strong up-regulation of CD172a, CD163 and sialoadhesin by
the virulent strains. This up-regulation of surface markers was followed by a steep
increase in IL-8 at 3-4 dpi. The activation of CD172a expression in PBMC after a H.
parasuis challenge and its role in inflammation has been already suggested [22].
The increase in IL-8 can be explained by the systemic spread of the virulent strains
at this time of infection, which was also accompanied by high levels of sSCD163. In
agreement, sCD163 has been described as a good marker for sepsis, morbidity and
mortality [23, 24] and, although its origin can also be resident macrophages of
other organs, our results are compatible with the shedding of sCD163 by alveolar
macrophages (high level of surface CD163/low level of sCD163 at 2 dpi, followed
by low level of surface CD163/high level of sCD163 at 3-4 dpi). This inverse
relationship between surface and soluble CD163 has been already described [25-
27]. The early immune activation induced by non-virulent strains, suggested by
increase of surface-expression of CD163 and sialoadhesin in macrophages, went
along with higher level of IL-8 in serum than the level induced by virulent strains
in the first 2 days of infection. However, IL-8 levels never reached those observed
at 3-4 dpi with virulent strains, probably due to the lack of systemic spread of non-
virulent strains. The activation of macrophages and the moderate levels of IL-8
indicate an initial response to non-virulent strains that seems to be adequate for
bacterial clearance.

When the functionality of the alveolar macrophages in phagocytosis was studied,
no major differences were observed. However, a slight decrease in the phagocytic
capacity was found in the macrophages after 2-4 days of infection with virulent
strains. Interestingly, inhibition of non-specific phagocytosis was reproduced with
IL-8 treatment of PAMs from non-infected animals and therefore high IL-8 levels
could at least partially explain the inhibition of phagocytosis observed at days 3-4.
Although the serum levels of IL-8 observed at day 2 does not agree with this
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hypothesis, levels of IL-8 in the local milieu of the macrophages or the contribution
of other signal/mediators are not known.

An unexpected result was the detection of high levels of INF-a induced by the
infection with non-virulent strains. Usually, INF-a is produced after a viral
infection, but the type 1 response evoked by this cytokine may be also important in
the proper response to bacterial infection. In an in vitro infection of dendritic cells
with H. parasuis, only the non-virulent strain was able to induce the secretion of
INF-a [28].

The effects seen in the in vivo infection were not reproduced in in vitro infection of
PAMs with the same strains, indicating that other cellular or soluble effectors are
involved in the response by PAMs to this infection. This is evident in the case for

INF-a, which was not produced by PAMs but by dendritic cells in vitro.

In conclusion, the initial response to non-virulent strains seems to be essential for
bacterial clearance and maintenance of pulmonary health, while the initial
inhibition of the inflammatory response by virulent strains could lead to

establishment and spread of infection.
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CONCLUSIONS

1. The production of a genomic library of the virulent strains of Haemophilus parasuis
provides a tool to study virulence factors in bacteria with limited mutant production

systems.

2. VtaAS8 and VtaA9 are surface exposed proteins of Haemophilus parasuis.

3. VtaA8 and VtaA9 delay phagocytosis by alveolar macrophages, but are not sufficient to

completely inhibit the process.

4. VtaA8 and VtaA9 have at least one common epitope, which is present in strains of

different serotype and is protective in a phagocytosis assay.

5. The response elicited by Haemophilus parasuis infection on alveolar macrophages
depends on the virulence of the strain. Non-virulent strains produced an adequate
activation of macrophages. On the other hand, virulent strains prevented this initial
activation of macrophages (reduction of the expression of CD172a, CD163 and SLAII),

which probably lead to development of disease.
6. The strong, but late, activation of macrophages after infection with virulent strains of
Haemophilus parasuis is coupled with a subsequent release of high levels of sCD163 and

IL-8, which is concurrent to disease outcome.

7. Infection by non-virulent strains of Haemophilus parasuis induces INF-a production at

early time points. This effect is not seen in the infection with virulent strains.

8. Macrophages in vitro do not show comparable phenotype as in vivo experiments

indicating that other effectors are involved in their activation.
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Enhancement of electro-transformation efficiency of Haemophilus parasuis
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Haemophilus parasuis is a gram-negative bacterium, member of the
Pasteurellaceae family. It is a common inhabitant of the upper respiratory tract of
healthy pigs but it is also the etiological agent of Glasser’s disease, a systemic
infection characterized by fibrinous polyserositis and arthritis. H. parasuis strains
are heterogeneous and show wide variability in virulence, with strains ranging
from non-virulent to highly virulent. However, the virulence factors and
mechanisms of this bacterium are barely known.

The study of H. parasuis pathogenesis is hampered by the difficulty in the
production of knout-out mutants for the evaluation of the role in virulence of
specific genes. Low transformation efficiency is a major limiting step. Thus,
virulent and non-virulent strains of H. parasuis were assessed for electro-
transformation efficiency and different conditions were tested in the production of
electrocompetent cells. Variables like growth, cell wall/membrane fragility, host
for plasmid preparation, restriction system activity, electroporation conditions and
recovery of the recipient cells were tested. The native plasmid of H. parasuis pHS-
Tet was used in the assays. The best conditions for transformation were obtained
when bacterial cells were washed with ice-cold 10% glycerol after growth on
chocolate agar at 30°C for 1 to 2 days, depending on the strain. With these

conditions, we reached efficiencies of 10% to 105 CFU/ug of DNA for non-virulent
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strains and 5x102to 5x103 CFU/ug of DNA for virulent strains. Improvement of
transformation efficiency will increase the potential development of an efficient

system for mutant production and pathogenicity studies in H. parasuis.

This work was funded by grant AGL2010-15232 from the Ministerio de Ciencia e
Innovacién (Spain). We thank Dr. M. Jennings from The University of Queensland
for providing us with plasmid pHS-Tet.

Table1l. Efficiency and conditions for electrotransformation of four
transformable H. parasuis strains.

pHS-Tet

host Growth Growth Washing CFU/pg
Strain origin media time T? solution plasmid?
ER-6P ER-6P Chocolate 2 days 10%
Virulent 200 ng agar from -80°C  30°C glycerol  3.8x103
23/04 SW114 mid-log 10%
Virulent 124 ng  BHI broth phase 372C glycerol  5.0x 103
SW114
Non- SW114  Chocolate lday 10%
virulent 10 ng agar from -802C  309°C glycerol  4.5x 104
MU21-2
Non- SW114  Chocolate lday 10%
virulent 10 ng agar from -80°C  309C glycerol  4.0x10°

a higher efficiencies reached with this strain
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ANNEX II- Figure S1

Figure S1. Intracellular co-localization of two different H. parasuis strains within the
endosomal network of PAMs.

Nucleus counterstained with DAPI is shown in blue (first panel); bacteria (F9 or PC4-6P)
labelled with FITC are visualized in green (second panel); detection of early endosomal
marker (EEA1) or acidic lysosomes (Lysotracker) is shown in red (third panel); merged
images are shown in the last panel. Detail of the co-localization between PC4-6P and
Lysotracker is shown in the inset. Scale bars, 5 pm.
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ANNEX III- Figures S2A and S2B

Figure S2A. Intracellular co-localization of EPI300-pACYC184 pEGFP (Control),
EPI300-pMCH-vtaA8 pEGFP (vtaA8) and EPI300-pMCH-vtaA9pEGFP (vtaA9) bacteria
with early endosomal antigen 1 (EEA1) at different times post-infection (30 min and
1h).

Nucleus counterstained with DAPI is shown in blue (first panel); bacteria (Control, vtaA8
and vtaA9) expressing GFP are visualized in green (second panel); detection of EEA1 is
shown in red (third panel); merged images are shown in the last panel. Scale bars, 5 um.
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Figure S2B. Intracellular localization of EPI300-pACYC184 pEGFP (Control), EP1300-
pMCH-vtaA8 pEGFP (vtaA8) and EPI300-pMCH-vtaA9pEGFP (vtaA9) bacteria in
acidic compartments at different times post-infection (30 min and 1h).

Nucleus counterstained with DAPI is shown in blue (first panel); bacteria (Control, vtaA8
and vtaA9) expressing GFP are visualized in green (second panel); detection of acidic
lysosomes (as detected with Lysotracker) is shown in red (third panel); merged images
are shown in the last panel. Scale bars, 5 um.
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