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ABSTRACT Viral respiratory infections predispose lungs to bacterial coinfections
causing a worse outcome than either infection alone. Porcine reproductive and re-
spiratory syndrome virus (PRRSV) causes pneumonia in pigs and is often associated
with bacterial coinfections. We examined the impact of providing weanling pigs a
Bacillus-based direct-fed microbial (DFM) on the syndrome resulting from infection
with either Salmonella enterica serotype Choleraesuis alone, or in combination with
PRRSV. Nine days after the bacterial challenge, Salmonella was isolated from ileocecal
lymph nodes of all challenged pigs regardless of DFM treatment. Compared to the
single bacterial challenge, the dual challenge with Salmonella and PRRSV resulted in
a pathogenic synergy exhibited by a higher rate of Salmonella colonization in the
lung and a more extensive and severe interstitial pneumonia. Provision of DFM to
dually challenged pigs reduced the rate of lung colonization by Salmonella, eliminated
or reduced the presence of PRRSV in the lung, and reduced the extent and severity of
gross lung pathology. Dually challenged pigs that received DFM had increased con-
centrations of interleukin 1 (IL-1) and IL-8 in lung lavage fluids, accompanied by
increased expression in their blood cells of nucleotide-binding oligomerization domain
receptor 2 (NOD2) and triggering receptor expressed in myeloid cells 1 (TREM-1) mole-
cules. These changes in pulmonary inflammatory cytokine production and increased
expression of NOD2 and TREM-1 suggest that the DFM exerted a systemic modulating
effect on innate immunity. These observations are consistent with the notion that
tonic stimulation by gut-derived microbial products can poise innate immunity to fight
infections in the respiratory tract.

KEYWORDS direct-fed microbial, Salmonella, probiotic, bacillus, pathogenicity, innate
immunity, NOD2, TREM-1, disease resistance, immunopathogenesis, pathogens,
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eaning imposes major physiological stress resulting in reduced feed intake and

growth (1), which combined with the presence of viral and bacterial pathogens
contributes to increased morbidity and mortality. Weaning stress also impairs intestinal
integrity, disturbs digestive and absorptive capacity, and increases intestinal oxidative
stress and susceptibility of piglets to disease (2, 3). Therefore, efforts aimed to improve
nutrient digestibility and resist disease in weaned pigs are necessary to increase their
survival rate at this most vulnerable stage. A healthy gastrointestinal (Gl) tract consists
of several important features: a healthy proliferation of intestinal epithelial cells, an
integrated gut barrier function, a preferable or balanced gut microbiota, and a well-
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developed intestinal mucosal immune system (4). Evidence increasingly suggests that
nutritional intervention at weaning using feed additives and direct-fed microbials
(DFM) is a promising approach to enhance intestinal health of pigs (5, 6), although the
exact protective mechanisms may vary and are still not completely understood.

Recognition of the gut microbiome’s influence in maintaining gut homeostasis,
innate immunity, and susceptibility to infectious diseases is growing (7, 8). Thus, thera-
peutic modulation of the microbiota by the provision of DFM (or probiotics) to prevent
or treat infectious diseases is recognized as a major strategy to promote gut health
and improve host immunity (9-11). For example, the colonization of germfree piglets
with probiotic Escherichia coli Nissle 1917 was found to suppress clinical signs, intesti-
nal histopathological changes, and the induction of inflammatory cytokines resulting
from a Salmonella enterica serovar Typhimurium challenge (12). Among the many
types of probiotics being promoted, strains of Bacillus are attractive as DFM supple-
ments in animal feed due to their ability to produce resilient spores (13) and a wide va-
riety of antimicrobial compounds (14). A mixture of Bacillus-based DFM was found to
improve goblet cell function in the porcine gut mucosa and ameliorate enteritis result-
ing from an enterotoxigenic Escherichia coli challenge (15). Remarkably, emerging evi-
dence indicates that the gut microbiota’s influence on immunity extends beyond the
gastrointestinal tract and into the respiratory tract, where inflammation modulating
antiviral (16) and antibacterial (17) immunity has been observed. Studies have shown
that the gut microbiota is broadly protective against respiratory infections, as its deple-
tion or absence in mice leads to impaired immune responses and worsens outcomes
following bacterial or viral respiratory infection (18). In humans, a double-blind random-
ized controlled trial of critically ill neonates given probiotics showed a significantly lower
rate of nosocomial pneumonia (18% versus 36%) than with placebo treatment (19).
Similarly, a clinical study determined that a 4-week course of probiotics diminished the
presence and severity of respiratory symptoms in patients afflicted with an upper respi-
ratory infection (20).

Salmonella enterica serovar Choleraesuis is a facultative intracellular pathogen capa-
ble of infecting and replicating monocytes and macrophages (21, 22). In swine, S.
Choleraesuis invades the intestinal epithelium, produces enterocolitis, and colonizes
the ileocecal lymph nodes (ICLN) (23) and has the unique ability to disseminate to sys-
temic sites, causing sepsis (24, 25). A frequently affected organ is the lung, where the
blood-borne infection with Salmonella manifests as interstitial pneumonia (24, 26).
Notably, in field cases, coinfection of swine with S. Choleraesuis and porcine reproduc-
tive and respiratory syndrome virus (PRRSV) has been associated with more severe dis-
ease, including septicemic salmonellosis and severe pneumonia (27). Experimentally,
PRRSV has also been shown to render pigs more susceptible to S. Choleraesuis septice-
mia, resulting in more severe systemic and respiratory disease (28). Though several
DFM are marketed to improve intestinal immunity and regulate the gut microbiota (2,
5), few in vivo models have been used to determine the mechanisms and impact of
DFM in hosts challenged with pathogens that produce respiratory diseases. To address
this gap, we examined the effect of supplementing the diet of weaner pigs with a
Bacillus-based DFM, Provent ECL, on the clinical outcome of an experimental cochal-
lenge of S. Choleraesuis and PRRSV.

RESULTS

Pathogenic synergy between S. Choleraesuis and PRRSV. An initial trial (Table 1)
was performed with weanling pigs to confirm the reported pathogenic synergy
between S. Choleraesuis and PRRSV (28). Pigs that were challenged with S. Choleraesuis
alone (S group) or with both S. Choleraesuis and PRRSV (SP group) exhibited mild respi-
ratory and gastrointestinal clinical signs, characterized by mild dyspnea, depression,
decreased feed consumption, decreased fecal output, and loose stool between the 5th
and 7th days after bacterial challenge. Pigs challenged only with PRRSV (P group) exhib-
ited mild dyspnea, depression, and decreased feed consumption but no gastrointestinal
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TABLE 1 Isolation of Salmonella and extent of lung pathology in pigs enrolled in the Salmonella/PRRSV synergy trial

Frequency of Salmonella-  Frequency of Extent (%) of gross

positive ileocolic lymph Salmonella-positive interstitial pneumonia  Frequency of lungs
Pathogen challenge? Group designation nodes (%) lungs (%) (*£SEM) with consolidation (%)
Salmonella S 3/3(100) 1/3 (33) 70 (%3) 1/3(33)
PRRSV P 0/2 (0) 0/2 (0) 65 (£5) 0/2 (0)
Salmonella and PRRSV ~ SP 3/3 (100) 3/3 (100) 91 (*2) 3/3 (100)

aTwo groups of pigs (n = 3) were inoculated with 10° CFU of S. Choleraesuis delivered into the esophagus, followed 3 days later with an intranasal administration with either
5 x 10* TCID,, of PRRSV (group SP) or a mock inoculum (group S). Pigs in a third group (n = 2) received orally a capsule with a mock inoculum and were challenged 3 days
later with PRRSV (group P). Nine days after the bacterial challenge the animals were euthanized and necropsied, and their lungs were scored for gross pathology. The
indicated tissues were assayed for the presence of Salmonella.

signs. Nine days after the Salmonella challenge, all animals were euthanized and necrop-
sied. Salmonella was isolated from the ileocecal lymph nodes (ICLN) collected from all
pigs in the S and SP groups but not from the nodes of any pig in the P group.
Salmonella was also isolated from the lungs of all three pigs in the SP group but only
from one of three pigs in the S group and from none of the pigs in the MP group (Table
1), suggesting an increased ability of the bacteria to colonize the lung.

The most consistent pathological finding observed in the abdominal viscera of all
animals challenged with Salmonella, either alone or in combination with PRRSV, was
enlarged and moist ileocecal lymph nodes, enterocolitis, and the presence of randomly
scattered small pale foci in the liver. This type of foci represents areas of multifocal liver
necrosis that result from the septicemic spread of S. Choleraesuis (24, 29, 30). None of
the animals challenged only with PRRSV displayed lesions in the liver. Gross lung
lesions in pigs challenged only with PRRSV (Fig. 1A, top) or Salmonella (Fig. 1B, top)
were similar in extent and type (Table 1). In both groups, the lesions observed con-
sisted of a mild to moderate interstitial pneumonia, characterized by multifocal tan
mottled areas with irregular and indistinct borders that were variably scattered with-
out predilection for a particular lobe and affected 40% to 70% of the total lung sur-
face area. In contrast, lungs from the pigs challenged with both Salmonella and
PRRSV exhibited a more extensive and severe pneumonia (Table 1), evidenced by var-
iably enlarged and partially collapsed lungs that felt heavy, wet, and rubbery, with
randomly spread mottled areas affecting 40% to 90% of lung surface and coalescing
red patchy areas with a firm liver-like consistency commonly referred to as lung con-
solidation (Fig. 1C, top). Pathologically, lung consolidation represents a pulmonary
exudate or other product of disease that displaces alveolar air, rendering the lung tis-
sue solid.

Histologically, the lungs of pigs challenged only with Salmonella revealed the pres-
ence of a mild interstitial pneumonia with an approximately 20% decrease of alveolar
space characterized by a mild to moderate septal thickening (Fig. 1B, middle), which
was infiltrated by mononuclear cells (Fig. 1B, bottom). The lungs of pigs challenged
only with PRRSV showed changes consistent with a mild to moderate interstitial pneu-
monia, with an approximately 10% decrease of alveolar space (Fig. 1A, middle). The
loss of alveolar airspace was due to a mild to moderately thickened pulmonary intersti-
tium due to infiltration by mononuclear cells (Fig. 1A, bottom). In contrast, histological
analysis of lungs collected from pigs challenged with both Salmonella and PRRSV
revealed lesions consistent with severe interstitial pneumonia and lung consolidation.
In this group, lung lesions were characterized by a 30 to 60% decrease of alveolar
spaces (Fig. 1C, middle). The septa were variably expanded by mononuclear cells, his-
tiocytes, and occasional neutrophils (Fig. 1C, bottom). Interlobular septa and perivascu-
lar connective tissue were mildly expanded by edema, lymphocytes, macrophages,
and rare neutrophils. Thus, the gross appearance of lung consolidation was the result
of a more severe interstitial pneumonia characterized by major inflammatory cell infil-
tration, namely, mononuclear cells and a few neutrophils, which resulted in a pro-
nounced disappearance of alveolar air space.
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FIG 1 Gross and microscopic lung pathology observed in the Salmonella/PRRSV synergy trial. Shown
are representative macroscopic (top row) and hematoxylin and eosin (H&E)-stained microscopic (second
and third rows) images of lungs harvested at necropsy from the pigs enrolled in the synergy trial that
were inoculated with either PRRSV (A), S. Choleraesuis (B), or both S. Choleraesuis and PRRSV (C). In the
third row, black circles indicate the locations of neutrophils.

Pigs receiving DFM exhibited a reduced extent and severity of lung pathology
resulting from the pathogenic synergy between S. Choleraesuis and PRRSV. The
experimental design and treatment group designation for the second trial are listed in
Table 2. At necropsy, examination of the abdominal cavity of all pigs challenged with
Salmonella revealed that the mesenteric lymph nodes, in particular those draining the
ileocecal junction, were edematous and enlarged, and evidence of enterocolitis around
the ileocecal junction was observed. Pigs challenged only with Salmonella and without
DFM treatment (NSM group) exhibited pathological changes typical of interstitial pneu-
monia involving, on average, 60% * 6% of the lung (Fig. 2A). In contrast, the lungs of
pigs challenged with both Salmonella and PRRSV, without provision of DFM (NSP group),
exhibited a significant (P < 0.01) increase in extent of lung involvement (84% * 1.6%).
Typically, interstitial pneumonia develops in response to septicemic salmonellosis, char-
acterized by a diffuse distribution of tan mottled changes, accompanied by petechial
hemorrhages under the pleura that penetrate into the lung parenchyma. However, in
the group challenged with both PRRSV and Salmonella without DFM treatment (NSP
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TABLE 2 Experimental design to test the effect of DFM provision on a Salmonella/PRRSV coinfection (DFM effect trial)

Treatment day

Group Group No. of pigs/

no. designation group Treatment designation —21 0 3 8/9

1 NMM 4 No DFM, mock challenge Mock Mock Euthanasia
2 NSM 11 No DFM, Salmonella challenge, mock virus challenge Salmonella Mock Euthanasia
3 DSM 11 DFM, Salmonella challenge, mock virus challenge Start DFM Salmonella Mock Euthanasia
4 NSP 11 No DFM, Salmonella challenge, PRRSV challenge Salmonella  PRRSV  Euthanasia
5 DSP 11 DFM, Salmonella challenge, PRRSV challenge Start DFM Salmonella PRRSV Euthanasia

group), in addition to such lesions, 8 of 11 pigs also exhibited the presence of areas with
lung consolidation (Fig. 2B) that were variably distributed in the cranioventral, middle,
and caudal lobes. As described above (Fig. 1), the appearance of lung consolidation
indicates a more severe pulmonary inflammatory response. In both challenge groups,
provision of DFM resulted in a significant decrease in the extent of interstitial pneumonia
(Fig. 2A). Remarkably, in the dually challenged group that received DFM in their diet
(DSP group), the frequency of lungs exhibiting lung consolidation was also reduced
(P < 0.05). Thus, the provision of DFM in the diet resulted in a significant decrease in
extent and severity of gross lung pathology compared to the case with the identically
challenged pigs that did not receive DFM.

Dual-pathogen-challenged pigs receiving DFM exhibited a reduction in the
rate of Salmonella lung colonization and decreased load of PRRSV in the lung.
Regardless of DFM treatment, Salmonella organisms were isolated in similar quantities
from the ICLN collected from each member in all four groups challenged with S.
Choleraesuis (Fig. 3A). Efforts to isolate Salmonella from the respiratory tract (Fig. 3B)
resulted in a 36% rate of isolation from the lungs of pigs challenged only with
Salmonella (NSM group), which is similar to the 27% rate of isolation in pigs supple-
mented with DFM (DSM group). In contrast, the rate of Salmonella isolation from the
lungs of dually challenged pigs that did not receive DFM in their diet (NSP group) was
91%, while in the identically challenged pigs that received DFM (DSP group), the rate
of isolation was reduced to 50% (P < 0.05). Examination of the virus load in serum of
dually challenged pigs administered DFM revealed a 10-fold reduction in the group’s
mean level of viremia compared to that of the identically challenged group that did
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FIG 2 Extent of gross lung pathology and lung consolidation. Groups of weaner pigs were fed for 21 days study with a standard balanced
soybean/corn swine phase 2 nursery diet, supplemented (filled circles) or not (empty circles) with direct-fed microbial (DFM). Afterwards,
pigs were challenged with Salmonella enterica serotype Choleraesuis, followed 3 days later with an intranasal challenge with either PRRSV
(red circles) or a mock inoculum (blue circles), while continuing to be provided the same respective diet. The control group was mock
challenged and fed a nonsupplemented diet (black circles). (A) Gross lung lesion score is given as an estimate of the percentage of lung
with grossly visible pneumonia. (B) Extent of lung consolidation is given as an estimate of the percentage of lung exhibiting hepatization as
determined tactilely by tissue firmness. Each symbol represents the score given to each lung grouped by treatment. Each treatment group is
identified by its corresponding abbreviation: non-DFM treated and mock challenged (NMM), non-DFM treated and challenged only with
Salmonella (NSM), DFM treated and challenged only with Salmonella (DSM), non-DFM treated and challenged with both Salmonella and
PRRSV (NSP), and DFM treated and challenged with both Salmonella and PRRSV (DSP). Horizontal bars represent the mean * SD of each
group. In panel A, differences between groups were analyzed using one-way ANOVA, followed by Tukey’'s multiple comparisons. In panel B,
differences between groups NSP and DSP were analyzed using Mann-Whitney t test. Differences were considered significant if the P value
was <0.05. %, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 3 Extent and frequency of Salmonella colonization of the ileocolic lymph node and lung. Weaner pigs
were fed for 21 days with a standard nursery diet supplemented with DFM (filled circles) or without
supplementation (empty circles). Afterwards, the pigs were challenged via gavage with Salmonella enterica
serotype Choleraesuis, followed 3 days later with an intranasal challenge with either PRRSV (red circles) or a
mock inoculum (blue circles). A control group of animals (n = 4) which were fed a nonsupplemented diet
served as the strict control (black circles). Each symbol represents the number of Salmonella CFU per gram
of tissue per pig grouped by treatment, and each group is identified by its corresponding abbreviation as
listed for Fig. 2. The graph shows the mean and 95% confidence limits for each group, and, at the top, the
corresponding frequency (%) of Salmonella-positive ileocecal lymph nodes (A) or lungs (B). Differences
between groups in the frequency of Salmonella-positive ileocecal lymph nodes were analyzed using
Barnard’s exact test. Differences were considered significant if the P value was =0.05. *, P < 0.05; **,
P < 0.01.

not receive DFM (Fig. 4A). Although this reduction did not reach statistical significance,
two of the pigs treated with DFM exhibited no detectable viremia, and the level of vire-
mia in six other pigs in this group was below the mean viremia exhibited by the non-
DFM-treated pigs. Notably, only 5 of 10 pigs in the DFM-treated group had detectable
virus in bronchoalveolar (BAL) fluids harvested at the time of necropsy, while 10 of 11
pigs in the non-DFM-treated group had virus present, resulting in a significant differ-
ence (P < 0.05) in the pulmonary viral loads between these two groups (Fig. 4B).

Pigs receiving DFM exhibited an increased expression of NOD2 and TREM-1
after pathogen challenge. Differential expression of immune-related genes after the
pathogen challenge was assessed in whole-blood samples collected at the time of necropsy.
Among 54 immune-related genes examined, 6 exhibited distinguishable differential expres-
sion between the identically challenged groups that received and did not receive DFM in
their diet (Fig. 5). A statistically significant (P < 0.05) increased expression of genes encoding
triggering receptor expressed on myeloid cells 1 (TREM-1) and the nucleotide-binding oligo-
merization domain 2 (NOD2) receptor was found in the DFM-treated groups, compared to
the identically challenged non-DFM-treated group (Fig. 5). Expression for the complement
factor B (CFB) protein and the signaling molecule DExH-box helicase 58 (DHX58), also
known as LGP2, trended upwards in DFM-treated animals compared to the non-DFM-
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FIG 4 Extent and frequency of viremia and virus load in the lung. The amount of infectious virus in
serum (A) and bronchoalveolar lavage (BAL) fluid (B) samples collected at the time of necropsy was
determined. The titer of infectious virus is expressed as 50% tissue culture infectious dose (TCIDs,).
Each symbol represents sample results from a single pig grouped according to their treatment, and
each group is identified by its corresponding abbreviation as listed for Fig. 2. Horizontal bars
represent the mean = SE for each group. Statistically significant difference between the identically
challenged groups was determined using the Mann-Whitney test. A P value of =0.05 was considered
significant. *, P < 0.05.

treated group. However, the CFB gene reached statistical significance (P < 0.05) only in the
groups challenged with both Salmonella and PRRSV. Conversely, DHX58 reached statistical
significance between the groups challenged only with Salmonella. In the DFM-treated
groups, NOD1 showed trends for increased gene expression but did not reach statistical
significance.

Dual-pathogen-challenged pigs treated with DFM exhibited enhanced levels of
IL-1 and IL-8 in their lungs. Levels of proinflammatory (interleukin 1 [IL-1], IL-6, IL-8,
and tumor necrosis factor alpha [TNF-a]) and immunoregulatory (alpha interferon [IFN-
a], IFN-y, IL-4, IL-10, and IL-12) cytokines were evaluated in BAL samples collected at
the time of necropsy. There were no significant differences in cytokine levels between
the Salmonella-challenged groups regardless of DFM treatment (Fig. 6). The two
groups challenged with both Salmonella and PRRSV, regardless of DFM treatment,
exhibited an increase in IFN-a compared to that in the mock-treated group, which is
consistent with reports showing that infection with PRRSV triggers a transient increase
of this cytokine in BAL fluid (31, 32). However, compared to the dually challenged non-
DFM-treated group, the DFM-treated group exhibited a significant increase in IL-1
(P < 0.001) and IL-8 (P < 0.01) levels (Fig. 6). The enhanced presence of IL-1 and IL-8 in
the lung suggests that the provision of DFM strengthened the response of these two
cytokines when confronted with the dual bacterial/viral challenge.

DISCUSSION

Among the nontyphoidal Salmonella serotypes, S. Choleraesuis is the most invasive
to the host, capable of spreading systemically and colonizing multiple organs (24, 25,
33, 34). Typical gross lesions observed in pigs afflicted with a systemic S. Choleraesuis
infection include enterocolitis, enlarged mesenteric lymph nodes, randomly distributed
pale foci in the liver, and diffuse interstitial pneumonia of various intensities (24, 26, 28,
29). In this study, the experimental infection of weanling pigs with S. Choleraesuis
resulted in the development of all of these pathological changes. The observed 100%
colonization rate of the ILCN by Salmonella and its sporadic spread to the lung is con-
sistent with its described pathogenesis (23-25, 35-37). This study also reproduced pre-
vious observations that coinfection of weanling pigs with S. Choleraesuis and PRRSV
results in a synergistic syndrome (27, 28). This syndrome was exhibited by an exacer-
bated pneumonia characterized by an increase in the extent of lung involvement and
lung consolidation. Notably, histological analyses revealed that the exacerbated inter-
stitial pneumonia, characterized grossly by lung tissue consolidation, was the result of
heightened infiltration of the alveolar septum by mononuclear cells resulting in a
marked reduction of air space. The synergistic syndrome was also manifested by a
higher rate of Salmonella isolation from the lungs of pigs challenged with both
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FIG 5 Changes in immune-related gene expression in whole blood. Changes in the extent of gene
expression in blood collected at the time of necropsy were determined using real-time reverse
transcription-PCR, using the comparative cycle threshold (C;) method and the formula 2724 (76),
where the GAPDH gene was used as the reference housekeeping gene. All values are expressed as
fold change relative to control. Each symbol represents sample results from a single pig grouped
according to their treatment, and each group is identified by its corresponding abbreviation as listed
for Fig. 2. The graphs show the mean and 95% confidence limits for each group. The effect of DFM
supplementation between identically challenged groups was analyzed by unpaired t test using data
normalized by log, transformation. A P value of <0.05 was considered significant. *, P < 0.05; **,
P < 0.01.

Salmonella and PRRSV without DFM treatment than for the group challenged with only
S. Choleraesuis. This observation suggests that the viral infection somehow enhanced
the bacteria’s ability to spread systemically and colonize the lung. Although the exact
route by which S. Choleraesuis achieves extraintestinal infection in swine has not been
determined, the persistence of S. Choleraesuis in mesenteric lymph nodes is associated
with its ability to produce systemic infection (38). A proposed model for the extraintes-
tinal dissemination of S. enterica serotype Typhimurium consists of gastrointestinally
derived CD18-expressing mononuclear phagocytes transporting the bacteria via the
bloodstream to other organs (39, 40). Consistent with this model is the presence of
mononuclear phagocytes in the capillaries of a pig’s lung carrying S. Choleraesuis in
their phagosomes (21), thus pointing to monocytes as players in the systemic spread
of S. Choleraesuis in swine. Under normal baseline conditions, resident lung macro-
phages are replaced by monocytes with low kinetics, whereas during an acute inflamma-
tory response, there is a brisk acceleration of this process (41). PRRSV replicates primarily
in lung macrophages (42), and although it does not patently replicate in monocytes,
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FIG 6 Proinflammatory (IL-1, IL-6, IL-8, and TNF-&) and immunoregulatory (IFN-q, IL-4, IL-10, and IL-
12) cytokines in BAL fluid. Bronchoalveolar lavage was performed in the lungs harvested from
animals at the time of necropsy. Cytokine levels in BAL fluid were measured using a porcine cytokine
bead array. Each symbol represents sample results from a single pig grouped according to their
treatment, and each treatment group is identified by its corresponding abbreviation as listed for Fig.
2. Horizontal bars represent the mean = SE for each group. The level of cytokine measured was
adjusted to the total amount of protein present in the sample and is reported as picogram of
cytokine per T mg/mL of protein. Cytokine levels were compared between the identically challenged
DFM treated and nontreated groups using a one-tailed Mann-Whitney test with log, transformation.

pulmonary infection with PRRSV triggers a large influx of monocytes into the lung (31).
Once there, migrating blood monocytes give rise to lung macrophages (43) and become
targets for PRRSV infection (32, 44). Although without direct evidence, it is tempting to
speculate that the observed increased Salmonella lung colonization rate in pigs coin-
fected with S. Choleraesuis and PRRSV is driven by the virus infection-induced influx of
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Salmonella-infected monocytes into the lungs. In addition, Salmonella has recently been
shown to exploit the unfolded protein response (UPR) to promote intracellular replica-
tion (45), and the ability of invasive Salmonella enterica to trigger apoptosis in infected
macrophage is a mechanism that has been proposed to facilitate its systemic spread (33,
34). The replication of PRRSV in macrophages produces endoplasmic reticulum (ER)
stress, which triggers the UPR and ultimately results in apoptosis (46). Thus, another
mechanism that might explain the enhanced rate of lung colonization by Salmonella
could be a higher rate of bacterial replication in virus-infected macrophages promoted
by the UPR response of virus-infected cells and their apoptotic death. Future studies will
be directed at exploring these hypotheses.

Our results demonstrated that the provision of the Bacillus subtilis-based DFM, for 3
weeks prior to an S. Choleraesuis challenge, reduced the extent of pneumonia caused
by this pathogen. These results are consistent with previous reports showing that while
probiotics are not able to affect the rate of colonization of mesenteric lymph nodes by
Salmonella enterica (47), they can ameliorate the inflammatory syndrome (48, 49) and
the systemic spread of Salmonella (12, 50). Provision of DFM also mitigated the patho-
genic synergy resulting from the S. Choleraesuis and PRRSV coinfection, evidenced by
a reduced extent and severity of interstitial pneumonia, as well as a reduced rate of
Salmonella lung colonization. However, since the provision of DFM did not affect the
rate or extent of Salmonella colonization of the ILCN in these animals, it is likely that
the reduced systemic spread of the bacteria in the dually challenged pigs treated with
DFM resulted from a mitigating effect on events occurring after this step in the patho-
genesis of the synergistic syndrome. Because DFM provision reduced the rate of
Salmonella lung colonization in the dually challenged group but not in the group chal-
lenged only with Salmonella, we speculate that the DFM treatment mitigated an event
triggered by the virus infection which resulted in a higher bacterial presence in the
lung. The reduced viral load in the lung provides evidence suggesting that the DFM eli-
cited an antiviral innate immune function distal to the gastrointestinal tract.

The increased expression of NOD2 and TREM-1 in the blood of Salmonella-chal-
lenged DFM-treated pigs provides evidence in support of a systemic effect by the
DFM. Expression of NOD2 is upregulated in monocytes and macrophages after expo-
sure to bacterial wall components such as lipopolysaccharide (LPS), lipoteichoic acid
(LTA), and peptidoglycan (PGN) degradation products (51, 52). The NOD2 receptor is
localized in the cytosol of monocytes, macrophages, and granulocytes, where it senses
muramyl dipeptide (MDP), a degradation product of PGN (53, 54). Both endosomal traf-
ficking and outer membrane vesicular transport have been proposed as suitable meth-
ods for shuttling PGN to enable extracellular sensing of this bacterial molecule by cyto-
solic NOD-like receptors (55, 56). The existence of this and other pathways capable of
delivering fragments of PGN into the cytosol has been proposed as a mechanism by
which NOD receptors are able to sense ligands released by extracellular bacteria,
including those derived from the gut microbiota (57, 58). The gut microbiota has been
shown to mediate protection against pneumococcal pneumonia by enhancing alveolar
phagocytic activity as well as proinflammatory cytokine secretion (59). Systemic distri-
bution of PGN translocated from the gut was shown to enhance neutrophil function in
the bone marrow, and this effect was positively correlated with PGN levels in serum
(60). A growing body of evidence indicates that once in the blood, systemic PGN plays
an important role in regulating myeloid cell homeostasis and modulating the matura-
tion and antimicrobial function of phagocytes (58, 61). The NOD2 ligand MDP has
been shown to enhance innate immunity against Klebsiella pneumoniae respiratory
infection by enhancing alveolar macrophage reactive oxygen species (ROS)-mediated
bacterial killing (17). Since NOD2 also functions as a cytoplasmic sensor for viral single-
stranded RNA (ssRNA), NOD2 is now considered to play a major role in host defense
against both viral and bacterial pathogens affecting the lung (62). For instance, the
provision of MDP to mice challenged with influenza virus induced a NOD2-dependent
recruitment of inflammatory monocytes and neutrophils into the lung and provided
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protection against influenza virus infection (63). Previous data have shown that LTA, a
Toll-like receptor 2 (TLR-2) ligand and component of the Gram-positive bacterial cell
wall, induces the expression of TREM-1 through a MyD88-dependent pathway (64, 65).
Translocation of LTA into the blood has been documented to occur as a result of hav-
ing a microbiota enriched with bacteria of the Firmicutes phylum (66). TREM-1 is a re-
ceptor expressed on neutrophils and monocytes that amplifies the inflammatory
response to microbial products, effectively lowering the threshold of pathogen detec-
tion (67). TREM-1 signaling enhances the expression of NOD2 in blood mononuclear
cells, resulting in an increased sensitivity of NOD2 to low concentrations of MDP (65).
TREM-1 activation triggers the release of IL-8 from neutrophils and monocytes, and the
release of IL-8 and TNF-a by monocytes is strongly upregulated by priming with LPS
(68). Similarly, activation of TREM-1 enhances production of IL-18, IL-6, and TNF-« in
response to the NOD2 ligand MDP (65).

Elevated levels of IL-1 and IL-8 in the lungs of dually challenged DFM-treated ani-
mals suggest that innate cells mediated a stronger response when confronted with the
microbial challenge. This interpretation is consistent with the notion that a more ro-
bust antibacterial and antiviral immunity in the lung can be driven by the intestinal
microbiome. Although the mechanisms underlying the protection against systemic sal-
monellosis in pigs are ill defined, it is known that protection from S. enterica is associ-
ated with the IL-8-mediated induction of polymorphonucleated cells (69). In addition,
genetic traits associated with resistance to S. Choleraesuis in swine include a more effi-
cient phagocytosis and killing of Salmonella by neutrophils (70). Furthermore, high lev-
els of IL-1 and IL-8 in serum have been linked to PRRSV clearance (71).

The contribution of the intestinal microbiome in pulmonary host defense is an
emerging concept offering great promise for the development of strategies to protect
against respiratory infections (16, 18, 72, 73). Among the four major bacterial phyla
that comprise the mammalian microbiota, members of Firmicutes phylum of the Bacilli
class are the strongest NOD2 stimulators (74). The DFM used in this study, Provent ECL,
is comprised of spores from several proprietary strains of Bacillus subtilis, which belong
to this class. Therefore, we hypothesize the observed reduced rate of Salmonella lung
colonization in dually challenged DFM-treated animals might be related to the lung’s
macrophages having been instructed by products derived from the DFM to mediate a
more effective antiviral immune response and thus better able to resist viral infection.
This assumption is supported by data showing the absence of virus in the lungs of
50% of the DFM-treated animals. Reduced viral replication in the lung would be
expected to reduce the influx of Salmonella-infected monocytes to this organ triggered
by the presence of the virus (31), which, in turn, could mitigate Salmonella’s ability to
successfully colonize the lung. Our results are consistent with the report that DFM
comprised of a consortium of Firmicutes bacteria can regulate and enhance respiratory
immunity and promote resistance to lung infection by bacteria through NOD2 (74). We
speculate that the increased expression of NOD2 and TREM1 in the blood of DFM-
treated pigs could be attributed to cell wall components, namely, PGN and LTA of the
Bacillus subtilis strains comprising Provent ECL. Alternatively, it is also possible that
DFM strains compete with preexisting flora, leading to the lysis and solubilization of
cellular components from themselves or other Gram-positive cells (75), which could
result in their absorption and systemic distribution.

The data presented are consistent with the notion that the Bacillus subtilis based-
DFM Provent ECL can modulate cells of the innate immune system systemically, result-
ing in an enhanced protective immunity against a microbial challenge. Our results are
also consistent with the concept that low-level tonic stimulation by microbial products
poises innate immune cells to fight viral infections (16, 76, 77). The provision of DFM
could be acting in a way similar to what has been described for bacillus Calmette-
Guérin (BCG) vaccination, in which the induction of cytokines via NOD2 signaling
enhances innate immune defenses mediated by monocytes (78). This innate immune
enhancing effect by BCG is termed “trained immunity” and has been shown to
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strengthen innate immune defenses against viral infections (79, 80). Future studies will
be aimed at deciphering the mechanism by which the Bacillus subtilis-based DFM pro-
motes the development of protective innate immune defenses of the respiratory tract.

MATERIALS AND METHODS

Animals, diets, housing, and experimental design. Two animal trials were conducted. The first trial
was aimed at experimentally confirming the reported pathogenic synergy between S. Choleraesuis and
PRRSV (28). The second trial was aimed at assessing the prophylactic effect of DFM on mitigating the ill
effects of a respiratory infectious disease. Five-week-old mixed-breed pigs were sourced from a swine
research farm at the University of lllinois, free of PRRSV and Mycoplasma. Piglets tested negative for
Salmonella spp. at the start of the study as determined by testing fecal swabs using bacteriologic culture
with selective enrichment. For each study, the animals were housed in a suite at the biosafety level 2
(BSL2) biocontainment facility at the University of lllinois at Urbana-Champaign (UIUC). Each treatment
group was housed in a separate, environmentally isolated pen within the suite. For the Salmonella/
PRRSV synergy trial, eight pigs were allocated to three treatment groups. Two groups (n = 3) were inocu-
lated with 108 CFU of S. Choleraesuis delivered into the esophagus, followed 3 days later with an intra-
nasal administration with either 5 x 10* 50% tissue culture infectious doses (TCID,,) of PRRSV strain
NADC20 (challenge) or a mock inoculum. The bacterial challenge was administered using gelatin capsu-
les deposited into the esophagus using a pill dispenser. Pigs in the third group (n = 2) received a capsule
with a mock inoculum and were challenged 3 days later with PRRSV. The animals were monitored for
9 days after the bacterial challenge, euthanized, and necropsied. For the DFM effect trial, 48 pigs were
randomly assigned to the five treatment groups listed in Table 2. The pigs were transitioned to a stand-
ard balanced soybean/corn swine phase 2 nursery diet, with (D) or without (N) 3-Ib/ton supplementation
of Provent ECL (lot CX0020180321). Provent ECL is a direct-fed microbial product comprising six Bacillus
subtilis strains applied at an inclusion of 3.67 x 10° CFU/g of feed. Bacillus strains were delivered as
spores in calcium carbonate, maltodextrin, and mineral oil carriers. Three weeks later, animals in groups
2, 3,4, and 5 were challenged with 10° CFU of Salmonella enterica serotype Choleraesuis (S). To ensure a
consistent level of infection, a 10-fold-higher dose was used than in the initial experiment. The bacterial
challenge was administered into the esophagus using a pill dispenser containing gelatin capsules
loaded with the bacteria. The treatment groups for this experiment are listed in Table 2. Pigs in group 1
received a gelatin capsule with a mock inoculum (M). Three days later, animals in groups 4 and 5 were
intranasally challenged with 5 x 10* TCID,, of PRRSV strain NADC20 (P) and pigs in groups 1, 2, and 3
received a mock virus inoculum (M). After the challenge, animals were monitored daily for 8 to 9 days
for the presence of clinical signs, including changes in vitality (depression), dyspnea, coughing, chills,
vomiting, and/or diarrhea. For logistical purposes, half of the animals in each of the treatment groups
were euthanized 8 days after the bacterial challenge and the other half the following day. Following eu-
thanasia, a necropsy was performed, and various tissue samples were collected for subsequent bacterio-
logic, virologic, and molecular assays.

Salmonella inoculum preparation. Salmonella enterica serovar Choleraesuis strain 4271GB was
kindly provided by Eric Vimr (81). Confirmation that the 4271GB isolate belongs to the Salmonella O anti-
gen C1 serogroup (Choleraesuis) and is a Kunzendorf variant was done by serological testing at the
National Veterinary Services Laboratory (Ames, IA). The 4271GB strain produced black colonies in xylose-
Tergitol-lysine 4 (XLT4) agar plates (Remel Products), indicating its ability to produce hydrogen sulfide. A
pure colony of 4271GB was added to 30 mL of Mueller-Hinton (MH) broth (BD Diagnostics, Sparks, MD)
and cultured for 15 h at 37°C. The concentration of bacteria present in the culture broth was determined
by measuring absorbance at 600 nm using a NanoDrop One instrument (Thermo Fisher) following the
manufacturer’s instructions and using samples serially diluted to be within the linear range of the optical
system. Based on the measurement of the optical density at 600 nm (OD,), the culture was concen-
trated to contain 1 x 10° bacteria in 0.25 mL and loaded into gelatin capsules with approximately 0.75 g
of feed as previously described (35). The capsule was inserted past the larynx into the proximal end of
the esophagus by use of a pill dispenser. The actual viable cell count data were confirmed by plating 10-
fold serial dilutions of the inoculum onto XLT4 agar plates (Remel Products). Based on the viable count,
the dose administered to the animals was 2 x 10° CFU.

Virus inoculum preparation. The “atypical PRRS abortion storm” virus isolate NADC-20 (82) was
passaged once in the porcine alveolar macrophage cell line ZMAC to create the challenge virus stock as
previously described (83). Briefly, a cell-free preparation of the virus was prepared by centrifuging the
medium overlaying the infected cell monolayers at 4°C and 350 x g for 10 min. Aliquots of the virus
were stored at —80°C, and a sample of the virus stock was titrated for the presence of infectious virus.
The virus titer was calculated using the Reed and Muench method (84) and expressed as TCID,, per
milliliter.

Gross and microscopic pathological examination of lungs and other organs at necropsy.
Necropsies were performed by a pathologist, and the presence of lesions in the thoracic and abdominal
viscera was recorded. The extent of gross lung pathology was assessed by calculating a mean percent-
age value of the lung exhibiting gross visible pneumonia (e.g., tan mottled areas and areas of consolida-
tion) based on the percentage of each lobe affected according to the previously described standard
scoring method (85). The extent of tan mottled areas and areas of consolidation were recorded sepa-
rately. Lung sections were taken for histopathological examination. Blood and serum samples, lung tis-
sue, and bronchial and ileocecal lymph node tissues were collected for bacteriologic examination.
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Bronchoalveolar lavage (BAL) fluid was collected as previously described (86) and tested for viral load
and cytokine content.

Salmonella detection and quantification in tissues. Lymph nodes and lung tissue were harvested
at the time of necropsy and placed on ice immediately after collection. Samples were transferred to the
laboratory for processing within 2 to 5 h after collection and were macerated in LB medium using a
stomacher. The resulting macerate was clarified by gravity sedimentation and 10-fold serial dilutions
prepared in LB media. A 0.15-mL volume of each dilution was plated in duplicate onto XLT4 agar, distrib-
uted onto the medium surface with a sterile L-shaped bacterial spreader, and incubated at 35°C. Black
colonies with appearance characteristic of Salmonella were counted after 2 days of incubation. The total
CFU obtained per milliliter was adjusted to CFU per gram according to the dilution of the inoculum that
yielded a countable range of black colonies and the weight of the tissue used to prepare the macerate.

Determination of viremia and viral load in the lung. Serum and BAL samples collected at the time
of necropsy were used to measure viral load. The titer of infectious virus in these samples was deter-
mined as previously described (87). Briefly, a 0.1-mL volume of 10-fold serial dilutions of the samples
were plated into flat-bottom 96-well tissue culture plates. Immediately afterwards, 0.1 mL of ZMAC cells
at 4 x 10° cells/mL was added to each well as the cell substrate for virus replication. Virus titers were cal-
culated and expressed as TCID,, per milliliter by the Reed and Muench calculation method (84).

Measurement of pulmonary cytokines. Serum and BAL samples obtained at the time of necropsy
were tested for the presence of the cytokines IL-1, IL-4, IL-6, IL-8, IL-10, IFN-¢, IFN-y, and TNF-« using a
Milliplex porcine cytokine/chemokine magnetic bead panel multiplex assay (Millipore) and analyzed
using a Bio-Rad Luminex cytometry bead analyzer. In BAL samples, the cytokine concentration was
adjusted to the total amount of protein in the sample. Total protein content was determined by quanti-
tative colorimetry using total protein reagent (Sigma; product number T 1949) following the manufac-
turer’'s recommended procedure.

Assessment of the expression of immune cell markers in whole-blood samples. On the day of
necropsy, whole blood was collected in Tempus blood RNA tubes (Thermo Fisher), and RNA was
extracted using the MagMax kit for stabilized blood tubes (Thermo Fisher) following the manufacturer’s
protocol. Immune marker gene expression was measured using TagMan real-time PCR assays (Thermo
Fisher) and the quantitative PCR (qPCR) system as previously described (46). The porcine genes exam-
ined were those encoding CTLA4, ITGAM, NOS2, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
ACTB, FoxP3, CXCL2, IFN-p3, Casp8, TLR-2, IL-2RA, IL-10, CD19, IL-6, SOCS2, NOD2, SOCS3, GRN, STAT3,
NF-kB1, TLR-3, CFB, LY96, SELL, TLR-4, NOD1, IFN-y, IL-12, IL-18, C3, TNF, CD8a, CD4, NF-kBIA, CXCL12,
SIRPA, TREM-1, IL-2, CXCL8, TLR-9, CD163, IL-1B, JAK2, IL-4, CD40, IFN-«, IL-17F, TLR-10, CD209, GZMB,
DHX58, DDX58, MS4A1, and TGFB1. The Thermo Fisher assay identifier (ID) for each of these genes is
listed in Table S1 in the supplemental material. The resulting data were analyzed using the cycle thresh-
old (2724¢7) method, with data normalized to the reference GAPDH gene (88). All values are expressed
as fold change relative to the control.

Statistical analysis. Differences in the extent of gross lung pathology were analyzed using one-way
analysis of variance (ANOVA), followed by Tukey’s multiple comparisons. Differences between groups in
the number of CFU per gram of tissue were determined by comparing identically challenged groups via
Welch'’s t test. Differences in the frequency distribution of lungs showing any extent of consolidation, as
well as the rate of Salmonella-positive tissues, were analyzed using Barnard’s exact test. Cytokine levels,
as well as viral load in serum and BAL samples, were compared between the identically challenged
DFM-treated and nontreated groups using a one-tailed Mann-Whitney test. Differences in gene expres-
sion between identically challenged groups were determined by unpaired t test using log,-transformed
data. Statistical analyses were performed using GraphPad Prism 8.4.2 (San Diego, CA), except for
Barnard’s exact test, which was done using In-Silico Online (89). Differences where the P value was
<0.05 were considered significant.

Ethical approval. This study was approved by the University of lllinois Institutional Animal Care and
Usage Committee (protocol number 19048) and was conducted in compliance with local and federal
guidelines regulating laboratory animal care and housing.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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