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Abstract
Toll-like receptors (TLR) play an important role in the recognition of microbes by host sentinel cells
that leads to the subsequent innate and adaptive immune responses. In this study, we evaluated the
patterns of TLR2-, TLR3- and TLR9-expressing antigen presenting cells (APCs) in spleen and blood
of gnotobiotic (Gn) pigs after colonization with a mixture of two strains of lactic acid bacteria (LAB),
Lactobacillus acidophilus and Lactobacillus reuteri or infection with the virulent human rotavirus
(HRV) Wa strain. We also assessed the influence of LAB on TLR and serum innate cytokine
responses induced by HRV. Distributions of subpopulations of APCs [CD14+/−SWC3+CD11R1−
monocytes/macrophages and CD14+/−SWC3+CD11R1+ conventional dendritic cells (cDCs)] were
described in our previous report (Zhang, W., Wen, K., Azevedo, M.S., Gonzalez, A.M., Saif, L.J.,
Li, G., Yousef, A.E., Yuan, L., 2008. Lactic acid bacterial colonization and human rotavirus infection
influence distribution and frequencies of monocytes/macrophages and dendritic cells in neonatal
gnotobiotic pigs. Vet. Immunol. Immunopathol. 121, pp. 222–231). We demonstrated that LAB
induced strong TLR2-expressing APC responses in blood and spleen, HRV induced a TLR3 response
in spleen, and TLR9 responses were induced by either HRV (in spleen) or LAB (in blood). LAB and
HRV have an additive effect on TLR2- and TLR9-expressing APC responses, consistent with the
adjuvant effect of LAB. Overall, the frequencies of TLR-expressing CD14+ APCs were higher than
CD14− APCs. LAB enhanced the IFN-γ and IL-4 responses in serum, but it had a suppressive effect
on the TLR3- and TLR9-expressing CD14− APC responses in spleen and the serum IFN-α response
induced by HRV. These results elucidated the systemic TLR2-, TLR3-, and TLR9-expressing
monocyte/macrophage and cDC responses after HRV infection, LAB colonization, and the two
combined. Our findings facilitate the understanding of the mechanism of LAB’s adjuvant effect on
rotavirus vaccines and the diverse innate and adaptive immune responses induced by commensal
LAB colonization versus rotavirus infection and the interactions between them.
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1. Introduction
Toll-like receptors (TLRs), a type of pattern-recognition receptor (PRR), play an important
role in viral antigen recognition, innate immunity and in bridging innate and adaptive immune
responses (Kaisho and Akira, 2006). TLRs are expressed on many cell types, but mainly on
professional antigen presenting cells (APCs), e.g. monocytes/macrophages and dendritic cells
(DCs). TLR activation induces type I interferon production through several signaling pathways
that lead to anti-viral and proinflammatory cytokine responses and induction of adaptive
immune responses (Sandor and Buc, 2005; Seth et al., 2006). Different microbe-associated
molecular patterns (MAMPs) are recognized by different TLRs (Akira and Takeda, 2004).
TLR2, in association with TLR1 and/or TLR6, recognizes peptidoglycans, lipopeptides, and
lipoteichoic acids from Gram-positive bacteria (Modlin, 2002). TLR3 recognizes double-
stranded (ds) viral RNA, which is found in rotavirus genome and many other viruses during
their replication cycles (e.g. negative-stranded RNA viruses), and synthetic polyinosine-
polycytidylic acid (polyI:C). TLR9 recognizes unmethylated CpG DNA found abundantly in
bacterial and viral genomes (Werling and Jungi, 2003). Both TLR3 and TLR9 play crucial role
in defense against viral infection in vivo (Tabeta et al., 2004). Alterations in TLR expression
levels in peripheral blood mononuclear cells (PBMCs) have been reported in various viral
infections (Chen et al., 2008; de Kruif et al., 2008; Lester et al., 2008; Sato et al., 2007; Xu et
al., 2007, 2008) and have been directly correlated with plasma viral load (Lester et al., 2008)
or associated with the severity of disease outcomes (de Kruif et al., 2008; Xu et al., 2007).

Rotaviruses are the single most important etiologic agent of severe gastroenteritis in infants
and young children worldwide (Parashar et al., 2006). Rotavirus virion has a non-enveloped,
triple-layered capsid structure that surrounds the genome, which is composed of 11 segments
of dsRNA. Rotavirus replicates mainly in the mature epithelial cells of the small intestinal villi
and causes villous atrophy (Ward et al., 1996). However, recent studies confirmed that rotavirus
infection is not restricted to the intestinal tract. Rotavirus infection has an acute phase of viremia
(Azevedo et al., 2005; Blutt and Conner, 2007). Thus, TLR-expressing APC responses in
systemic lymphoid tissues may contribute to the anti-viral immunity or pathogenesis in
rotavirus infection. Patients with acute rotavirus infection had elevated mean levels of TLR2,
TLR3, TLR4, TLR7, TLR8 mRNA expression in PBMCs within 3 days of onset of the disease
(Xu et al., 2006).

Lactobacillus spp., Gram-positive rod-shaped bacteria, are normal components of the healthy
human and pig intestinal microflora. Lactic acid bacteria (LAB), including lactobacilli are
widely evaluated as probiotics in animals and humans (Vaughan et al., 2002) and have been
shown to significantly stimulate gut epithelial cell proliferation (Ichikawa et al., 1999), enhance
innate and acquired immunity in young lab animals (mice, rats) and children (Herias et al.,
1999; Yasui et al., 1999) and suppress intestinal inflammation (Zocco et al., 2006). Several
LAB strains have been shown to reduce the severity of acute rotavirus gastroenteritis in children
(Majamaa et al., 1995; Shornikova et al., 1997). The mechanisms of LAB’s beneficial effects
on human and animal health are the subject of many ongoing studies. Our studies are focused
on LAB’s effect on innate and adaptive immune responses to rotavirus infection (Zhang et al.,
2008a,c) and the adjuvant effect on rotavirus vaccines (Zhang et al., 2008b). The adjuvant
effect of several LAB strains has been documented in humans and in pigs (de Vrese et al.,
2005; Isolauri et al., 1995; Kaila et al., 1992; Link-Amster et al., 1994; Olivares et al., 2007;
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Zhang et al., 2008b); however, the mechanism is undefined. It is known that many LAB strains
are full of CpG islands in the genome (Rachmilewitz et al., 2004); therefore, lactobacilli may
exert an immunostimulating effect via activation of TLR9 on APCs.

The objectives of the present study were to (1) evaluate TLR2-, TLR3- and TLR9-expressing
APC responses in rotavirus infection or LAB colonization in systemic lymphoid tissues of
neonatal Gn pigs, and (2) to assess the influence of LAB on TLR2, TLR3 and TLR9, and innate
cytokine responses to rotavirus infection. The Gn pig model of human rotavirus (HRV)
infection and diarrhea has been well defined in our previous studies (Saif et al., 1996; Yuan
and Saif, 2002). Early and late cytokine responses (e.g. IFN-γ, IL-4, IL-6, IL-10, IL-12, TGF-
β1, and TNF-α) in serum of Gn pigs infected with the virulent Wa HRV have been reported
(Azevedo et al., 2006). In this study, we evaluated the effect of LAB on early cytokine responses
as they are indicators of activation of innate immune cells via PRR. Besides being a
differentiation/maturation marker of monocytes/macrophages and DCs (Carrasco et al.,
2001; Paillot et al., 2001; Summerfield et al., 2003), CD14 is also a PRR and plays a role in
the innate immune response. It directly interacts with intracellular TLR3 and enhances dsRNA-
mediated TLR3 activation by aiding uptake of dsRNA into cells (Lee et al., 2006). Because
the monocytes (while in blood circulation) and macrophages (after entering spleen) are defined
by the same cell markers, we refer to them as monocytes/macrophages in both locations (Zhang
et al., 2008c). It was previously found that LAB significantly reduced the total, but not CD14
+, frequencies of monocytes/macrophages and cDCs in spleen of LAB plus HRV pigs
compared to HRV-only pigs (Zhang et al., 2008c). The influences of LAB on frequencies of
TLR2-, TLR3- and TLR9-expressing CD14+ versus CD14− monocytes/macrophages and DCs
in the spleen and blood of HRV-infected Gn pigs were evaluated in this study to further clarify
the effect of LAB on the responses in different APC subpopulations in systemic lymphoid
tissues.

2. Materials and methods
2.1. Bacteria

The Lactobacillus reuteri strain ATCC 23272 and Lactobacillus acidophilus strain NCFM™

(ATCC, Manassas, VA, USA) were used in this study. Both LAB strains were propagated in
lactobacilli MRS broth (Weber, Hamilton, NJ, USA). LAB inoculums were prepared and
titrated as previously described (Zhang et al., 2008c). The two LAB inoculums with known
titers were diluted to the specified CFU/ml in 0.1% peptone water (BD Biosciences, Franklin
Lakes, NJ, USA) and mixed in equal amounts on the day of feeding.

2.2. Virus
The virulent Wa strain (G1P1A[8]) HRV was passaged through Gn pigs and the pooled
intestinal contents from the 23rd passage were used for inoculation at a dose of 1 × 105

fluorescent focus-forming units (FFU). The 50% infectious dose (ID50) of the Wa HRV in pigs
was determined as approximately 1 FFU (Ward et al., 1996). Virus fecal shedding was detected
by a cell-culture immunofluorescent (CCIF) assay and HRV antigen in serum was detected
with an antigen capture enzyme-linked immunosorbent assay (ELISA) as previously described
(Bohl et al., 1982; Hoblet et al., 1986).

2.3. Inoculation of Gn pigs
Near-term pigs were derived by surgery from two sows (Large White) and maintained in germ-
free isolator units as described (Meyer et al., 1964). All pigs were confirmed as seronegative
for rotavirus antibodies and germ-free prior to LAB and HRV exposure. Gn pigs (both males
and females) were randomly assigned to four treatment groups with four pigs in each group as
follows: (1) LAB colonization plus HRV infection (LAB+HRV+), (2) HRV only (LAB−HRV
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+), (3) LAB only (LAB+HRV−) or (4) mock control (LAB−HRV−). Pigs in LAB+ groups
were orally dosed at 3, 5, 7 and 9 days of age with 103, 104, 105 and 106 CFU, respectively,
of a 1:1 mixture of L. acidophilus and L. reuteri in 2 ml of 0.1% peptone water. The total dose
of lactobacilli received by each pig was 1.1 × 106 CFU in four feedings. Non-LAB-fed pigs
were given an equal volume of 0.1% peptone water. At 5 days of age, pigs in HRV+groups
were orally inoculated with 105 FFU virulent Wa HRV in 5 ml of Dulbecco’s Modified Eagle’s
Medium (DMEM). Non-infected pigs were given an equal volume of diluent. Pigs were given
5 ml of 100 mM sodium bicarbonate to reduce gastric acidity 20 min before HRV inoculation.
Post-HRV-inoculation, pigs were examined daily for clinical signs, including % with diarrhea,
duration of diarrhea and diarrhea scores as described (Ward et al., 1996; Yuan et al., 1996).
Rectal swabs were collected daily for HRV and lactobacilli shedding. Serum samples were
collected at post-HRV inoculation day (PID) 0, PID 2 and PID 5 for detection of cytokine
responses. Pigs were euthanized at PID 5 (1 day after the last/7 days after the first LAB feeding)
to isolate mononuclear cells (MNC) from spleen and peripheral blood. MNCs were isolated as
previously described (Yuan et al., 1996) and stained with antibodies to porcine cell markers
and TLR antibodies directly, without in vitro stimulation, on the same day of MNC isolation.

2.4. Enumeration of LAB
Each rectal swab was diluted in 4 ml of 0.1% peptone water (~1:10) and a 100 μl aliquot was
diluted in 900 μl of peptone water and plated onto MRS agar. The plates were incubated in
sealed BBL Gaspak jars (Fisher, Hanover Park, IL) containing Anaerogen packs (BD) for 24
h at 37 °C. The number of CFU on plates with 20–200 colonies were enumerated and recorded.
LAB shedding was expressed as CFU/ml. Bacteremia was assessed by plating pig sera onto
MRS agar plates and incubated in the same way as for LAB enumeration.

2.5. Staining cells for flow cytometry analysis
The MNCs (2 × 106 cells/tube) were first stained with antibodies to porcine monocyte/
macrophage and cDC markers (SWC3, CD11R1 and CD14), followed by antibodies to TLR2,
TLR3 and TLR9, respectively. Except when specifically noted, MNCs were washed once with
a staining buffer (prepared according to BD Pharmingen™ BrdU Flow Kits Instruction Manual)
and incubated for 15 min at room temperature (RT) at each step. Cells were first stained with
mouse anti-porcine CD14 (IgG2b, Fitzgerald, clone MIL-2) and mouse anti-porcine CD11R1
(IgG1, Serotech: MCA1220, clone MIL4). After washing at 500 × g for 5 min at 4 °C, the
secondary fluorescent-conjugated antibodies, rat anti-mouse IgG2b fluorescein isothiocyanate
(FITC) (IgG2a, BD pharmingen, clone R12-3) and rat anti-mouse IgG1 allo-phycocyanin
(APC) (IgG1, BD pharmingen, clone X56), were added. After washing the cells twice, mouse
anti-porcine SWC3a-biotin (IgG1, Southern Biotech, clone 74-22-15) was added followed by
streptavidin-conjugated with peridinine chlorophyll protein (PerCP). For staining of TLR2,
which is expressed on the cell surface, mouse anti-human TLR2 phycoerythrin (PE) (mouse
IgG1, eBioscience, clone T2.5) and the mouse IgG1 isotype control PE were added,
respectively, to the TLR2 and its corresponding isotype-matched control tubes. For staining
intracellular TLR3, TLR9 and their corresponding isotype controls, after staining with surface
markers (SWC3, CD11R1 and CD14), cells were permeabilized with BD cytofix/
cytoperm™ buffer (BD pharmingen) for 15 min at RT. In TLR3 and TLR9 tubes, mouse anti-
human TLR3 PE (mouse IgG1, eBioscience, clone: TLR3.7) and rat anti-human TLR9 PE (rat
IgG2a, eBioscience, clone: eB72-1665) antibodies were added, respectively. In the
corresponding isotype-matched control tubes, mouse IgG1 isotype control PE and rat IgG2a
isotype control PE were added, respectively. Cells were incubated, washed, fixed and
resuspendedin staining buffer and kept in dark at 4 °C before flow cytometry analysis. All
antibodies were titrated and used at optimal concentrations. Analysis of the stained cells was
performed using a 4-color FACSCalibur flow cytometer (Becton Dickinson) and at least 20,000
cells were acquired. Data analysis was performed using CellQuest™ Pro (Becton Dickinson)

Wen et al. Page 4

Vet Immunol Immunopathol. Author manuscript; available in PMC 2010 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



or FlowJo 7.2.2 (Tree Star, Inc) software. Data are presented as mean frequencies of CD14+
or CD14− TLR-expressing monocytes/macrophages and cDCs. Any non-specific staining
occurring in the isotype-matched control tubes was subtracted from the frequencies of TLR+
cells.

2.6. Detection of serum cytokine levels by ELISA
Blood samples were collected from pigs at PID 0, PID 2 and at euthanasia (PID 5). Sera were
processed (without heat inactivation) and stored at −20 °C until tested. The ELISAs for
detection of porcine IFN-γ, IL-4, IL-6, IL-10, IL-12, IFN-α, TGF-β, and TNF-α were conducted
using anti-swine cytokine antibodies as previously described (Azevedo et al., 2006).
Sensitivities of the ELISAs were 7.5 pg/ml for IFN-γ, IL-4, IL-10, and IL-12; 15 pg/ml for
IL-6, TNF-α, TGF-β; and 75 pg/ml for IFN-α.

2.7. Statistical analysis
Non-parametric Kruskal–Wallis rank sum test was performed to compare frequencies of TLR-
expressing cells in each cell subpopulation in spleen and blood among groups and the serum
cytokine concentrations at PID 5 among groups. When differences among these groups were
detected, the same test was used in a pairwise fashion to clarify the nature of the differences.
Spearman’s rank correlation test was used for assessment of correlation between frequencies
of TLR-expressing cDCs or monocytes/macrophages and cytokine concentrations in serum.
Statistical significance was assessed at p < 0.05 throughout. All statistical analyses were
performed using the SAS program (SAS Institute, NC, USA).

3. Results
3.1. LAB fecal counts, HRV infection and clinical signs

From post-HRV inoculation day 0–5, the average fecal LAB counts in LAB+ groups ranged
between 5.9 × 106–8.1 × 107 CFU/ml, which were greater than the count of LAB in the original
feeding inoculums (103–106 CFU/ml). The mean LAB count in the LAB+HRV+ group was
significantly higher than the LAB+HRV− group on PID 5 (data not shown). The bacterial
strains in the intestinal contents of the LAB-fed pigs were examined by plating serially diluted
samples on selective MRS agar plates for Lactobacillus and culturing anaerobically at 37 °C
over night. The bacterial colonies on MRS agar plates from the intestinal content samples had
identical morphology as the colonies from the original LAB inoculum. The serially diluted
intestinal contents and daily rectal swab samples were also plated on regular blood agar plates
and cultured aerobically at 37 °C over night. No bacterial growth was detected on the blood
agar plates from any of the pigs, confirming that no extraneous bacterial contamination
occurred.

The kinetics and magnitude of virus fecal and nasal shedding and antigenemia after the virulent
Wa HRV inoculation of Gn pigs have been characterized previously (Azevedo et al., 2005).
HRV infection in this study was confirmed by detection of HRV titers in intestinal contents
by CCIF and HRV antigen in serum by ELISA from all the pigs in the HRV+ groups (none in
the HRV− groups) at PID 5. All the HRV+ pigs developed antigenemia, but none of the LAB
+ pigs developed bacteremia (data not shown). There were no significant differences in HRV
titers in intestinal contents (mean peak titer 6.4 × 104 FFU/ml vs. 3.3 × 104 FFU/ml) or antigen-
ELISA OD values in serum (data not shown) between the two HRV+ groups, suggesting that
LAB colonization did not reduce rotavirus intestinal replication or prevent viremia. The
duration and severity of diarrhea between the LAB+HRV+ and LAB−HRV+ groups did not
differ significantly (data not shown), thus intestinal colonization by the mixture of L.
acidophilus and L. reuteri did not reduce rotavirus diarrhea.
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3.2. Detection of TLR expression in porcine APCs by flow cytometry using anti-human TLR
antibodies

The cross reactivity and specificity of anti-human TLR2, TLR3 and TLR9 antibodies were
evaluated for detection of porcine TLRs in MNCs by flow cytometry. Sufficient cross reactivity
between human and porcine TLR antibodies was indicated by the strong fluorescent intensity
and the specificity was indicated by the clear separation of the histograms of isotype-matched
irrelevant control antibody-stained MNCs from the TLR antibody-stained MNC (data not
shown). The cross reactivity of the antibodies can be explained by the high amino acid sequence
homologies between human and porcine TLRs. There is a 78.1% for TLR2, 84.2% for TLR3,
and 82.0% for TLR9 amino acid sequence identity, respectively, between humans and pigs
based on comparing the predicted amino acid sequences from NCBI data base (TLR2 porcine
NP_998926 vs. human AAH33756; TLR3 porcine ABB92547 vs. human NP_003256; and
TLR9 porcine NP_999123 vs. human AAQ89443).

Rabbit anti-pig TLR2 and TLR9 polyclonal antibodies became available (Cosmo, Bio, Co.)
later in the study. The sensitivity of the anti-human TLR antibodies were compared with the
anti-pig TLR polyclonal antibodies using normal conventional pig blood MNCs. The MNCs
were stimulated in vitro with CpG OND or peptidoglycan before staining. As shown in Fig. 1,
similar frequencies of SWC3+TLR2+ and SWC3+TRL9+ monocytes were detected by anti-
human and anti-pig TLR antibodies. We repeated the experiment in three pigs (Fig. 1 shows
the representative frequencies). The differences in frequencies of SWC3+TLR2+ or SWC3
+TRL9+ detected by anti-human and anti-pig antibodies were less than 0.5% and were not
statistically significant. These results confirmed that the anti-human TLR antibodies are
applicable for study of TLR responses in pigs. To date, anti-pig TLR3 is not commercially
available. However, because TLR3 has a higher amino acid sequence similarity between
humans and pigs than TLR2 and TLR9, similar results are expected when anti-pig TLR
antibodies become available in the future.

Detection of frequencies of TLR-expressing cDCs (SWC3+CD11R1+) and monocytes/
macrophages (SWC3+CD11R1−) in the four treatment groups is depicted by the representative
dot plots in Fig. 2 using TLR3 in spleen as an example. The frequencies and tissue distribution
of porcine cDCs and monocytes/macrophages in the four groups have been described in a
previous publication (Zhang et al., 2008c). As shown in Fig. 2 (dot plot at lower right corner),
the MNCs stained with antibodies to cell markers and the isotype-matched irrelevant control
antibody for TLR3 had zero percent TLR3+ cells, confirming the specificity of the antibody.
The mean frequencies of TLR2-, TLR3- and TLR9-expressing CD14+ and CD14− monocytes/
macrophages and cDCs are summarized in Fig. 3 (spleen; note the difference in y-axis scales
between CD14+ and CD14− APCs) and Fig. 4 (blood; note the 10-fold difference in y-axis
scales between TLR2-expressing CD14+ APCs and the others). Overall, higher frequencies of
TLR-expressing CD14+ APCs than CD14− APCs were detected. High variability within
treatment groups was observed for frequencies of TLR-expressing APCs in both spleen and
blood. A matrix table was constructed based on both the frequencies and statistical comparison
results among the four pig groups to depict the effect of treatment on frequencies of TLR-
expressing APCs and serum cytokine levels (Table 1).

3.3. TLR-expressing APCs in spleen
3.3.1. TLR2-expressing CD14+ APCs were induced by either LAB or HRV and
LAB plus HRV had an additive effect—As shown in Fig. 3, no or minimal frequencies
of TLR-expressing monocytes/macrophages or cDCs were detected in spleen of mock control
pigs (LAB−HRV−). LAB plus HRV (LAB+HRV+), HRV infection alone (LAB−HRV+), and
LAB colonization alone (LAB+HRV−) induced significantly higher frequencies of CD14+
TLR2-expressing monocytes/macrophages and cDCs than the mock controls, indicating the
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involvement of TLR2 in recognition of LAB colonization and HRV infection. In contrast to
the CD14+ APCs, CD14− monocytes/macrophages and cDCs had minimal or no TLR2
expression, except for the low TLR2 expression on cDCs in the HRV-only group.

3.3.2. TLR3-expressing CD14+ and CD14− APCs were induced by HRV whereas
LAB had an antagonistic effect with HRV on frequencies of TLR3-expressing
CD14− APCs—HRV alone induced 2- to 3-fold higher frequencies of TLR3-expressing
CD14+ APCs compared to the mock control group. LAB plus HRV induced significantly
higher frequencies of TLR3-expressing CD14+ APCs than mock controls, and they were
similar to the HRV-only group. In contrast, frequencies of TLR3-expressing CD14−
monocytes/macropahges and cDCs in the LAB plus HRV group were significantly lower than
those in the HRV-only group, suggesting an antagonistic effect of LAB on the HRV-induced
TLR3 response. LAB alone induced minimal frequencies of TLR3-expressing CD14+ and
CD14− cDCs in spleen, coinciding with the low cytokine responses (except for IL-12) induced
by LAB alone (Fig. 5). Still, frequencies of TLR3-expressing monocytes/macrophages in LAB-
only group were, albeit low, significantly higher than mock controls. This is unexpected
because LAB does not contain known TLR3 ligands.

3.3.3. TLR9-expressing CD14+ and CD14− APCs were induced by HRV whereas
LAB had an antagonistic effect with HRV on frequencies of TLR9-expressing
CD14− APCs—The patterns of TLR9-expressing CD14+ and CD14− APCs in the HRV+
groups were similar to those of TLR3 with slightly lower frequencies (Fig. 3, Table 1),
suggesting that TLR9 is also involved in the HRV-induced innate immune responses. LAB
alone induced minimal TLR9-expressing CD14+ and CD14− APCs in spleen.

In summary, similar frequencies of TLR3-expressing CD14+ APCs were detected in spleen
of the HRV-infected Gn pigs with or without LAB colonization (Fig. 3 and Table 1), suggesting
that HRV infection is mainly responsible for the increased frequencies of TLR3-expressing
APCs. LAB plus HRV enhanced (not statistically significant) the frequencies of TLR2- and
TLR9-expressing CD14+ APCs compared to LAB or HRV alone, suggesting an additive effect
between LAB and HRV. The most striking observation in spleen is that the frequencies of
TLR3- and TLR9-expressing CD14− APCs were significantly reduced in the LAB plus HRV
group compared to the HRV-only group, thus LAB had a suppressive effect on the TLR
responses to HRV in a subset of systemic APCs.

3.4. TLR-expressing APCs in blood
3.4.1. High frequencies of TLR2-expressing CD14+ APCs were induced by LAB
(cDCs) and LAB plus HRV (cDCs and monocytes/macrophages)—In blood,
minimal to no TLR-expressing CD14+ or CD14− monocytes/macrophages were detected in
mock-inoculated pigs (Fig. 4). However, low frequencies of TLR2− and TLR3-expressing
CD14+ and CD14− cDCs were detected, which likely reflect the baseline constitutive
expression of the TLRs by blood cDCs. LAB plus HRV and LAB alone induced the highest
mean frequencies of TLR2-expressing CD14+ cDCs in blood compared to all the others (note
the y-axis scale difference) and they were significantly higher (6 to 21-fold) than the HRV-
only and mock control groups.

LAB plus HRV, but not LAB alone, induced significantly higher frequencies of CD14+ TLR2-
expressing monocytes/macrophages compared to the HRV-only and mock control groups. This
additive effect was also observed for CD14− TLR2-expressing cDCs. HRV alone did not
induce significant TLR-expressing APCs in blood. Frequencies of TLR2-expressing CD14−
monocytes/macrophages and TLR3-expressing CD14+ and CD14− APCs were low to minimal
and with high variability, and did not differ significantly among the four groups.
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3.4.2. TLR9-expressing CD14+ APCs were induced by LAB (cDCs) and LAB plus
HRV (cDCs and monocytes/macrophages)—The pattern of TLR9-expressing CD14+
APCs was similar to the pattern of TLR2, but at an approximately 10-fold lower magnitude,
with the two LAB+ groups inducing significantly higher frequencies of TLR9-expressing
CD14+ cDCs compared to the HRV-only and mock control groups. LAB plus HRV, but not
HRV or LAB alone, induced significantly higher frequencies of TLR9-expressing CD14+
monocytes/macrophages compared to the mock controls. Frequencies of TLR9-expressing
CD14− APCs were low and did not differ significantly among the groups.

In summary, high frequencies of TLR2-expressing CD14+ cDCs in blood were induced by
LAB, or LAB plus HRV. Significant TLR9-expressing CD14+ cDCs were also detected in the
two LAB+ groups, but not in the HRV-only group (Fig. 4 and Table 1). Overall, LAB plus
HRV induced higher or significantly higher frequencies of TLR2- and TLR9-expressing-CD14
+ monocytes/macrophages and cDCs and TLR2-expressing CD14− cDCs than HRV alone.
These data indicate that TLR2- and TLR9-expressing cDCs in blood were mainly induced by
LAB; however, LAB and HRV had an additive effect on frequencies of TLR2- and TLR9-
expressing cDCs.

3.5. Cytokine levels in serum and the correlation with TLR responses
3.5.1. LAB plus HRV induced significantly higher levels of IFN-γ and IL-4 but
significantly lower IFN-α than HRV alone at PID 5—The mean concentrations of anti-
viral cytokine (IFN-α), proinflammatory cytokines (IL-12), Th1 cytokine (IFN-γ), Th2
cytokine (IL-4), and T regulatory cell (Treg) cytokines (IL-10 and TGF-β) at PID 2 and PID
5 in the sera of pigs are summarized in Fig. 5. The concentrations of IFN-γ and IL-4 in the
LAB plus HRV group were higher or significantly higher than the HRV-only group, suggesting
an adjuvant effect of LAB on both Th1 and Th2 type responses (Fig. 5). The mean IFN-γ and
IL-4 concentrations were 4- to 11-fold higher in the LAB plus HRV group compared to the
HRV-only group. On the other hand, the concentrations of IFN-α in the HRV-only group were
higher or significantly higher than the LAB plus HRV group, indicating a down-regulating
effect of LAB on the IFN-α response induced by HRV. The concentrations of IL-12 in the LAB
plus HRV and HRV-only groups were significantly higher than the LAB-only and the mock
control groups at PID 2. At PID 5, however, IL-12 concentrations in the LAB-only group were
significantly higher than the LAB plus HRV and the HRV-only groups and they were all
significantly higher than the mock control group. Thus, IL-12 responses were stimulated by
both HRV infection and LAB colonization but with different kinetics. The concentrations of
TGF-β in the HRV-only group were significantly lower than the LAB plus HRV and the LAB-
only groups and they were all significantly lower than the mock control group at PID 5, thus
LAB may play a role in maintaining the TGF-β levels in serum. The concentrations of IL-10
did not differ significantly among groups, but there was a clear trend for higher concentrations
in the HRV+ groups at PID 2 and PID 5. The IL-6 and TNF-α levels in serum were low and
did not differ among groups (data not shown).

3.5.2. Serum IFN-α concentrations significantly correlated with frequencies of
TLR3- and TLR9-expressing CD14− APCs in spleen at PID 5—Spearman’s rank
correlation analysis was performed to identify the correlations between frequencies of TLR2-,
TLR3- and TLR9-expressing APCs in spleen or blood and the concentrations of serum
cytokines at PID 5 among the four treatment groups. Significant positive correlations were
found between IFN-α concentrations and frequencies of TLR3-expressing CD14− cDC (r =
0.6151, p = 0.0112) and monocytes/macrophages (r = 0.6372, p = 0.0079) and TLR9-
expressing CD14− cDC (r = 0.6398, p = 0.0076) and monocytes/macrophages (r = 0.5417, p
= 0.0302) in spleen. These correlations suggest that the CD14− APCs in spleen may contribute
significantly to the levels of IFN-α in serum.
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4. Discussion
This study is the continuation of our previous report (Zhang et al., 2008c) on the effects of
probiotic LAB colonization and HRV infection on development of the innate immune
responses in neonatal Gn pigs. In this study, we evaluated the frequencies of systemic TLR2-,
TLR3- and TLR9-expressing CD14+ and CD14− APCs in Gn pigs colonized with LAB,
infected with HRV, or both. Previously, the TLR expression in pigs has been studied only at
the mRNA level in tissues by using real-time quantitative PCR because antibodies against
porcine TLRs are not currently available (Burkey et al., 2007; Tohno et al., 2006; Willing and
Van Kessel, 2007). Using cross reactive anti-human TLR antibodies enabled us to evaluate the
expression pattern at the protein level for cell surface (TLR2) and intracellular (TLR3, TLR9)
TLR expression in the defined porcine APC subpopulations.

LAB intestinal colonization alone had a profound stimulating effect on early postnatal
development of the systemic innate immune cells, as evidenced by the significantly increased
total frequencies of monocytes/macrophages and cDCs and the CD14+ monocyte/macrophage
frequencies in spleen (Zhang et al., 2008c), the significantly increased TLR2- and TLR9-
expressing CD14+ cDCs in blood, and the significantly elevated serum pro-Th1 cytokine
(IL-12) level at PID 5. The induction of TLR2- and TLR9-expressingcDC andIL-12 responses
can be explained, atleast partially, by the presence of TLR2 and TLR9 ligands (peptidoglycan
in the cell wall and CpG motifs in the genome for TLR2 and TLR9, respectively) in the LAB.
We identified 6405 CpG islands in the whole genome of L. acidophilus NCFM (Altermann et
al., 2005) using EMBOSS CpGPlot (http://www.ebi.ac.uk/Tools/emboss/cpglot/index.html).
Induction of TLR2- and TLR9-expressing cDC and enhancement of the IFN-γ and IL-4
responses may provide the mechanism for the adjuvanticity of LAB in enhancing cellular and
humoral immune responses induced by influenza virus, poliovirus and rotavirus vaccines and
rotavirus or Salmonella typhi Ty21a infections (de Vrese et al., 2005; Isolauri et al., 1995;
Kaila et al., 1992; Link-Amster et al., 1994; Olivares et al., 2007; Zhang et al., 2008b). Our
results are consistent with other studies, e.g. (1) feeding L. casei increased TLR2 expression
in Peyer’s patches in mice (Galdeano and Perdigon, 2006); and (2) L. paracasei and L.
salivarius significantly increased the production of IL-12 in PBMC of healthy adults
(Castellazzi et al., 2007).

An additive effect between LAB and HRV in activating TLR2- and TLR9-expressing CD14+
APCs in spleen and CD14− cDCs in blood was observed. On the other hand, the increased
frequencies of TLR2- and TLR9-expressing APCs in LAB plus HRV pigs may simply be due
to the significantly higher counts of LAB, which may translate to an increased magnitude of
TLR agonists available to stimulate the host immune system. However, because the frequencies
of total APCs or CD14+ APCs in the LAB plus HRV pigs did not differ from the LAB-only
pigs in blood, and the total APCs in spleen of the LAB plus HRV pigs were significantly lower
than the LAB-only group (Zhang et al., 2008c), it is not likely that the higher LAB count in
the LAB plus HRV group played a more pertinent role in the significant increases of TLR2-
and TLR9-expressing APC frequencies than did the co-infection of LAB and HRV.

HRV infection of the Gn pigs, with or without LAB colonization, induced similar frequencies
of TLR3- and TLR9-expressing CD14+ APCs in spleen, indicating that HRV is chiefly
responsible for the increases of TLR3- and TLR9-expressing CD14+ APCs. Notably, in LAB
plus HRV pigs, the frequencies of TLR3- and TLR9-expressing CD14− APCs in spleen were
significantly reduced compared to the HRV-only pigs. The reduced TLR3- and TLR9-
expressing CD14− APC responses correlated significantly with the reduced serum IFN-α level
in this pig group. Our previous study also showed that the LAB plus HRV pigs had significantly
reduced total frequencies of APCs in spleen, reduced total frequencies of monocytes/
macrophages in ileum, and significantly reduced frequencies of CD14+ monocytes/
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macrophages in ileum than the HRV-only pigs (Zhang et al., 2008c). Because the viremia level
and fecal virus shedding titers did not differ significantly among the HRV-infected pigs with
or without LAB, the reductions are not likely due to reduced HRV replication, although some
studies have indicated that probiotic feeding can reduce rotavirus shedding (Mao et al., 2008;
Saavedra et al., 1994; Yasui et al., 1999). Thus, the results may suggest that LAB colonization
has a down-regulatory effect on subpopulations of APCs in HRV-infected pigs. Mechanisms
and implications of such an effect of LAB on innate immune responses to HRV infection
require further investigation.

Both CD14+ and CD14− APCs expressing TLR2, TLR3 and TLR9 were induced in spleen by
HRV infection; however, the TLR-expressing APC responses in blood were very different
from that of spleen. Frequencies of TLR2-, TLR3- and TLR9-expressing APCs in blood of the
HRV-only pigs were similar to the control (LAB−HRV−) pigs. The lack of TLR responses in
blood in the HRV-only pigs is consistent with our previous findings showing that HRV
infection did not increase frequencies of total APCs or CD14+ cDCs, and significantly reduced
the total frequencies of CD14+ monocytes/macrophages at PID 5 in blood (Zhang et al.,
2008c). The potential reasons for the considerable differences between the APC response in
spleen and blood may be because (1) MNCs were collected at only one time point (PID 5),
TLR-expressing APC responses occurring in the blood at an earlier time point might have been
missed; or (2) splenic and circulating APCs are diverse APC populations and they react to
MAMP stimulation from LAB and HRV differently. To date, the only two previous studies of
TLR responses induced by rotavirus infection were conducted by measuring TLR mRNA levels
in intestinal tissues (Aich et al., 2007) or PBMC (Xu et al., 2006). Bovine rotavirus induced
strong TLR3 mRNA expression in the intestinal tissue of newborn calves at 18 h post-
inoculation (Aich et al., 2007). Rotavirus infected children had significantly elevated
expression of TLR2, TLR3, TLR8 mRNA levels in PBMCs within 3 days of diarrhea onset
and the elevated TLR mRNA expression lasted for 7–14 days (Xu et al., 2006). The time frame
for sample collection in the children overlapped with that in Gn pigs. Thus, the lack of TLR
responses in blood APCs of the HRV-only pigs may not be solely due to the single sample
collection time point; however, it is important to investigate the TLR responses to HRV at an
earlier time point (PID 2–3) in the future study.

Induction of TLR2-expressing APCs in spleen of Gn pigs by HRV infection is an interesting
finding because the ligands for TLR2 have not been identified previously in rotavirus. Likewise
were the TLR2, TLR4, TLR7 and TLR8 mRNA responses in rotavirus infected children (Xu
et al., 2006). Further studies are needed to understand these observations. Rotavirus dsRNA
are known to be recognized only by TLR3 (Matsumoto et al., 2003; Sato et al., 2006; Zhou et
al., 2007). A recent study by Zhou et al. (2007) demonstrated that recognition of rotavirus
dsRNA by TLR3 on intestinal epithelial cells triggers the secretion of IL-15, which functions
to increase the percentage of intestinal intra epithelial lymphocytes and enhances their
cytotoxicity in mice. Another study of rats (Sato et al., 2006) also showed that rotavirus dsRNA
induced severe apoptosis and diminished wound repair in intestinal epithelial cells through
TLR3 activation. Hence, TLR3 may be involved in the pathogenesis of rotavirus
gastroenteritis. Study of the TLR3 response induced by HRV and LAB in the intestinal
epithelial and lymphoid tissues is the objective of our ongoing investigation.

Whether TLR9 is involved in rotavirus infection and immunity has not been reported before.
The patterns of TLR9-expressing CD14+ APCs were similar to those of TLR3 in spleen and
to those of TLR2 in blood. These data provide incidental evidence that TLR9 is involved in
the innate immune responses induced by both LAB and HRV. RNA viruses are found to have
a low presence of CpG dinucleotides in their genomes (Greenbaum et al., 2008). We identified
52 CpG islands in the whole genome of the virulent Wa HRV (Yuan, unpublished data) using
EMBOSS CpGPlot. The presence of CpG motifs may explain the HRV-induced TLR9-
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expressing APC responses. TLR9-expressing APC responses were induced by either LAB or
HRV depending on the cell type and location. LAB alone induced a significant TLR9-
expressing CD14+ cDC response in blood, whereas HRV alone induced significant TLR9-
expressing CD14− (and some CD14+) monocyte/macrophage and cDC responses in spleen.
LAB plus HRV induced the highest frequencies of TLR9-expressing CD14+ monocytes/
macrophages in spleen and blood, which is consistent with the adjuvant effect of LAB on HRV
vaccine-induced B and T cell immune responses (Zhang et al., 2008b).

The reduced IFN-α levels significantly correlated with the reduced frequencies of TLR3- and
TLR9-expressing CD14− APCs in spleen and blood, which may suggest that the activity of
CD14− APCs contributes significantly to the IFN-α response. LAB had significant influence
on IFN-γ, IL-4, IFN-α and TGF-β serum responses induced by HRV infection. LAB plus HRV
induced significantly lower levels of serum IFN-α and higher levels of TGF-β than HRV alone,
suggesting the regulatory effect of LAB. However, LAB plus HRV pigs had significantly
higher (4- to 11-fold) serum IFN-γ and IL-4 concentrations compared to the HRV-only pigs,
which is consistent with the adjuvant effect of LAB on HRV-induced immune responses. In
the previous study of cytokine responses to HRV in Gn pigs (Azevedo et al., 2006), serum
TNF-α, IFN-γ, IL-4, IL-10, IL-6 and IL-12 levels after HRV infection peaked between PID 1–
5, whereas TGF-β peaked later at PID 14. IFN-α levels were not measured previously. We
selected PID 2 and PID 5 in this study to correspond with the peaks of most cytokines after
HRV infection in Gn pigs. AlthoughserumIL-6 and TNF-α responses peaked onPID3in the
early study (Azevedo et al., 2006), the responses in this study were low and no significant
differences among groups were observed. Future studies should include more time points for
detection of TLR and innate cytokine responses to better understand the kinetics of innate
immune responses induced by LAB, HRV and the two combined.

In summary, this study elucidated the systemic TLR2-, TLR3-, and TLR9-expressing
monocyte/macrophage and cDC responses after LAB colonization, HRV infection and the two
combined. Our findings facilitate the understanding of the mechanism for LAB’s adjuvant
effect on rotavirus vaccines and the diverse innate and adaptive immune responses induced by
commensal LAB colonization versus rotavirus infection and the interactions between them.
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Fig. 1.
Comparisons between anti-human and anti-pig TLR antibodies for detection of TLR2 and
TLR9 expression in pig blood monocytes. The frequencies of SWC3+TLR2+ and SWC3
+TLR9+ monocytes detected by the different TLR antibodies are labeled on each dot plot. Dot
plots show the representative of results from three pigs. Blood MNCs isolated from three
normal conventional pigs were stimulated in vitro with CpG OND D19 (1 μM) (Watarai et al.,
2008) or Bacillus subtilis peptidoglycan (10 μg/ml) (Yamamoto et al., 2003) for 48 h before
staining. The MNCs were stained with SWC3a-biotin and streptavidin-PerCP and followed by
the PE conjugated anti-human TLR2 and TLR9, respectively (see Section 2) or followed by
the rabbit anti-pig TLR2 and TLR9 polyclonal antibodies (Cosmo Bio Co., Japan) respectively,
and then a PE conjugated goat anti-rabbit IgG (Open Biosystems, Huntsville, AL).
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Fig. 2.
Example of frequencies of TLR3-expressing splenic monocytes/macrophages of Gn pigs from
each treatment group. Treatment group is labeled on each dot plot: LAB+HRV+, pigs were
inoculated with LAB and virulent Wa strain HRV; LAB−HRV+, pigs were inoculated with
HRV only; LAB+HRV−, pigs were inoculated with LAB only; and LAB−HRV−, pigs were
mock inoculated. Monocytes/macrophages were defined as CD14+/−SWC3+CD11R1−
(Zhang et al., 2008c). CD14/TLR3 dot plots were performed within the SWC3+CD11R1−
subpopulation. The dot plot at lower left corner shows a TLR3 isotype control staining which
included antibodies to all the cell markers (SWC3, CD11R1 and CD14), except that the
antibodies to TLR3 were replaced by the isotype-matched antigen-irrelevant control
antibodies.
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Fig. 3.
Frequencies of TLR2-, TLR3-, and TLR9-expressing CD14+ and CD14− APCs in spleen of
Gn pigs at PID 5. Gn pigs were inoculated with LAB and virulent Wa strain HRV (LAB+HRV
+), HRV only (LAB−HRV+), LAB only (LAB+HRV−) or mock (LAB−HRV−). The y-axis
is the mean frequencies (%) of CD14+ or CD14− TLR-expressing cells among monocytes/
macrophages or cDCs. Note the difference in y-axis scales between CD14+ and CD14− APCs.
The error bars represent standard error of the mean (n = 4). The letters A, B, and C indicate
the results of significance testing for difference between treatments. Unshared letters indicate
significant difference between treatment groups on frequencies of the TLR-expressing APCs
(Kruskal–Wallis rank sum test, p < 0.05), while shared letters indicate no significant difference.
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Fig. 4.
Frequencies of TLR2-, TLR3-, and TLR9-expressing CD14+ and CD14− APCs in blood of
Gn pigs at PID 5. Gn pigs were inoculated with LAB and virulent Wa strain HRV (LAB+HRV
+), HRV only (LAB−HRV+), LAB only (LAB+HRV−) or mock (LAB−HRV−). The y-axis
is the mean frequencies (%) of CD14+ or CD14− TLR-expressing cells among monocytes/
macrophages or cDCs. Note the difference in y-axis scales between CD14+ and CD14− TLR2-
expressing APCs. The error bars represent standard error of the mean (n = 4). For letters A, B,
C, see figure legend for Fig. 3.
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Fig. 5.
Cytokine levels in serum of Gn pigs. Gn pigs were inoculated with LAB and virulent Wa strain
HRV (LAB+HRV+), HRV only (LAB−HRV+), LAB only (LAB+HRV−) or mock (LAB
−HRV−). Cytokine concentrations were measured by ELISA on PID 0, PID 2, and PID 5. The
error bars represent standard error of the mean. For letters A, B, C, see figure legend for Fig.
3.
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