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This study examined the effects of lactosucrose (4G-β-D-galactosylsucrose) on influenza A virus infections in mice. 
First, the effects of lactosucrose on fermentation in the cecum and on immune function were investigated. In female 
BALB/c mice, lactosucrose supplementation for 6 weeks promoted cecal fermentation and increased both secretory 
IgA (SIgA) levels in feces and total IgA and IgG2a concentrations in serum. Both the percentage of CD4+ T cells in 
Peyer’s patches and the cytotoxic activity of splenic natural killer (NK) cells increased significantly in response to 
lactosucrose. Next, we examined the effects of lactosucrose on low-dose influenza A virus infection in mice. After 2 
weeks of dietary supplementation with lactosucrose, the mice were infected with low-dose influenza A virus. At 7 
days post infection, a comparison with control mice showed that weight loss was suppressed, as were viral titers in 
the lungs. In the spleens of lactosucrose-fed mice, there was an increase in the percentage of NK cells. Lastly, mice fed 
lactosucrose were challenged with a lethal dose of influenza A virus. The survival rate of these mice was significantly 
higher than that of mice fed a control diet. These results suggested that lactosucrose supplementation suppresses 
influenza A virus infection by augmenting innate immune responses and enhancing cellular and mucosal immunity.
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INTRODUCTION

The intestinal microbiota plays an important role in the 
development of host immune responses [1–5]. Probiotics 
are live microorganisms that alter the intestinal microbial 
flora. For example, lactobacilli and bifidobacteria 
are probiotic bacteria present in the small and large 
intestines. Probiotics influence human health via positive 
effects on the metabolic fermentation of prebiotics 
such as oligosaccharides and indigestible dietary fiber. 
Probiotics can influence the immune response of the 
host by enhancing humoral and cellular immunity [6]. 
A fermented milk drink containing Lactobacillus casei 
Shirota increased the cytotoxic activity of natural killer 
(NK) cells in healthy humans [7], while supplementation 
with Lactobacillus rhamnosus HN001 or Bifidobacterium 
lactis HN019 probiotics during pregnancy increased the 

total IgA concentration in breast milk [8]. The ability of 
probiotics to modulate and regulate immune responses 
in the gastrointestinal tract probably reflects their 
interactions with various receptors on intestinal epithelial 
cells, M cells, and dendritic cells [2–4]. Probiotics 
metabolize prebiotics into short-chain fatty acids (SCFA) 
such as butyrate or acetate, which strengthen epithelial 
barrier integrity [3, 9].

Probiotics may be helpful in preventing upper 
respiratory tract infection [10, 11]. Reviews on the use 
of probiotics in humans to prevent respiratory infections 
have shown a beneficial effect. A meta-analysis was 
published on probiotics for preventing acute upper 
respiratory tract infections and strain specificity of 
probiotics [12]. The respiratory tract itself is colonized 
by commensal bacteria, and the intestinal microbiota 
influences immunity in the respiratory tract and systemic 
immunity in general [13, 14]; thus, probiotics also 
determine local respiratory immunity. Some probiotic 
strains have been shown to have protective effects 
against influenza virus infection. In a murine model [15–
20], oral administration of Lactobacillus casei Shirota 
augmented cytotoxic activity in splenic and pulmonary 
cells and resulted in defensive effects against influenza 
virus infection [16, 17]. Oral administration of heat-
killed Lactobacillus plantarum L-137 to mice conferred 
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enhanced protection against influenza virus infection 
by increasing the production of type I interferon (IFN) 
[18]. In mice orally administered Lactobacillus pontosus 
strain b240, the enhanced defenses against influenza 
virus infection included increased secretory IgA (SIgA) 
production [19] and the regulation of antiviral gene 
expression in mouse lungs [20]. Thus, the strengthened 
immune responses induced by probiotics can protect 
against influenza virus infection.

At the 2008 Annual Meeting of the International 
Scientific Association for Probiotics and Prebiotics, 
prebiotics were defined as follows: “a dietary prebiotic 
is a selectively fermented ingredient that results in 
specific changes, in the consumption and/or activity of 
the gastrointestinal microbiota, thus conferring benefit(s) 
upon host health” [21]. Recently, prebiotics were shown 
to be similar to probiotics in their effects on immune 
function and in their ability to protect against viral 
infection of the respiratory tract [22–25]. A supplement 
for infants containing a mixture of neutral short-chain 
galacto-oligosaccharides and long-chain fructo-
oligosaccharides administered during the first 6 months 
of life provided protection against respiratory infections 
through modification of the intestinal microbiota [25]. 
However, most studies of prebiotics have focused 
on microbial infections of the digestive tract, with 
few reports on their effects on viral infections of the 
respiratory tract [23].

Lactosucrose (4G-β-D-galactosylsucrose) is a prebiotic 
oligosaccharide that selectively enhances the proliferation 
of Bifidobacterium species in the large intestine [26, 27]. 
It has been approved by the Japanese Ministry of Health, 
Labour and Welfare for special dietary use due to its 
beneficial effects, including the improvement of intestinal 
disorders and the enhancement of intestinal calcium 
absorption [28]. In rodents, lactosucrose supplementation 
was shown to modulate immune functions [29–31]. The 
amounts of SIgA in the feces and cecum were increased 
in mice fed a 5% lactosucrose-supplemented diet for 4 
weeks. In addition, IgA, transforming growth factor 
(TGF)-β1, and interleukin (IL)-6 secretion by Peyer’s 
patch (PP) cells were increased in lactosucrose-fed 
mice [29]. Lactosucrose supplementation also decreased 
the production of antigen-specific serum IgE in mice 
immunized with ovalbumin/alum [30] and reduced the 
ratios of CD80/CD86 and IFN-γ/IL-4 in a rat model of 
colitis induced by 2,4,6,-trinitrobenzenesulfonic acid 
[31]. However, the effects of lactosucrose on the cytotoxic 
activity of NK cells and on lymphocyte populations 
have yet to be reported. Based on the ability of prebiotic 
supplementation to increase the numbers of beneficial 

intestinal bacteria (probiotics), modulate host immunity, 
and improve host immune defenses, we hypothesized 
that lactosucrose would protect against viral infections 
in the respiratory tract. Thus, the aim of this study was to 
investigate the effect of lactosucrose on immune function 
and whether it would suppress influenza virus infections 
in mice.

MATERIALS AND METHODS

Mice
Five-week-old female BALB/c mice were obtained 

from Japan SLC (Hamamatsu, Japan). The mice were 
given free access to water and laboratory food (MF, 
Oriental Yeast Co., Ltd, Tokyo, Japan) during an 
adaptation period, that is, until they were assigned to 
individual groups. This study was approved by the 
Laboratory Animal Care Committee of Yokohama City 
University. The mice were maintained in accordance 
with the Guidelines for the Care and Use of Laboratory 
Animals of Yokohama City University.

Lactosucrose administration
Lactosucrose was mixed with the control diet and 

fed to the mice. The control diet was based on the AIN-
93G formulation [32]. Lactosucrose (LS-98, Ensuiko 
Sugar Refining Co., Ltd., Tokyo, Japan) was included 
in the test diet at 50 g/kg, replacing an equal amount of 
cornstarch. The lactosucrose product consisted of 99.2% 
lactosucrose, 0.3% sucrose, and 0.5% lactose.

Experimental design

1. Effect of lactosucrose on intestinal fermentation and 
the immune response in mice

After an adaptation period, the mice were divided into 
two groups: those fed a control diet (n = 9) and those fed a 
lactosucrose-supplemented diet for 6 weeks (n = 8). Feces 
were collected every week. The mice were euthanized 
by administration of an overdose of anesthesia. Blood 
drained from the ventricles was centrifuged at 2,000 
× g at 4°C for 10 min to collect the serum, which was 
stored at −80°C until further use. The lungs, spleens, 
PPs, mesenteric lymph nodes (MLNs), and cecum were 
collected as well.

2. Effects of lactosucrose on low-dose influenza A virus 
infection

After the adaptation period, the mice were divided 
into control and lactosucrose groups as described above 
and then infected intranasally with 10 µL of influenza A 
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virus (H1N1, minimum dose lethal to 50% of animals 
[MLD50] = 150 plaque-forming units [PFU]) (75 PFU) 
diluted in PBS. To monitor the progression of the disease, 
the daily body weight and food intake of the mice were 
assessed for 7 days, after which the mice were euthanized 
as described above. The lungs, spleens, PPs, and MLNs 
were collected at 7 days post infection. Blood was 
collected, centrifuged, and stored as described above.

3. Effects of lactosucrose on lethal-dose influenza A virus 
infection

After an adaptation period, the mice were divided 
into two groups: those fed a control diet and those fed 
a lactosucrose-supplemented diet for 4 weeks (n = 39 
each). They were then infected intranasally with 10 µL 
(300 PFU) of influenza A (H1N1) virus diluted in PBS. 
The mice were selected randomly and euthanized 1, 2, 
and 3 days after infection (n = 6 in each group and at each 
time point), as described above, and their spleens and 
lungs were collected. Blood was collected, centrifuged, 
and stored also as described above. Disease progression 
was investigated in another 21 mice, the body weights 
and food intakes of which were recorded daily for 16 
days.

Assays

1. Cell isolation
The lungs were removed and weighed. The right 

lung, spleen, PPs, and MLNs were diced and digested 
with 0.1% collagenase (Wako Pure Chemical Industries, 
Osaka, Japan). After digestion, the lung tissue was ground 
and sandwiched between two glass slides. All samples 
were filtered through cotton gauze and then centrifuged 
for 5 min at 1,500 rpm. Red blood cells from the lung and 
spleen were lysed with cell lysis buffer. Mononuclear cells 
in a single-cell suspension from the lungs were collected 
by Percoll gradient centrifugation (GE Healthcare Bio 
Sciences Corp., Piscataway, NJ, USA). All samples were 
washed before the cell populations were analyzed by 
flow cytometry.

2. Flow cytometry
Isolated cells (1–2 × 106) were stained for flow 

cytometry analysis using the following antibodies: 
FITC-conjugated anti-mouse CD19 (clone 1D3) (BD 
Biosciences, San Diego, CA, USA), FITC-conjugated 
anti-mouse CD4 (clone GK1.5) and IgM (clone RMM-1) 
(BioLegend, San Diego, CA, USA), FITC-conjugated 
anti-mouse CD11c (clone N418), (eBioscience, San 
Diego, CA, USA), PE-conjugated anti-mouse CD8a 

(clone 53-6.7) and CD49b (clone DX5) (eBiosciences), 
PE-conjugated anti-mouse IgA (clone 11-44-2) and 
MHC class II (clone NIMR-4) (eBioscience), and PE-
Cy5-conjugated anti-mouse CD3e (clone 145-2C11) 
(eBioscience). Stained samples were analyzed using a 
BD FACSCanto II instrument and the BD FACSDiva 
version 6.1.3 software (BD Biosciences).

3. NK cell isolation and cytotoxicity assay
NK cells from the spleens of mice fed the experimental 

diets for 4 weeks were enriched by negative selection 
using a NK cell isolation kit (Miltenyi Biotec Inc., San 
Diego, CA, USA) and MACS technology according to 
the manufacturer’s protocols. Briefly, spleen cells were 
treated with a biotin-antibody cocktail and then mixed 
with anti-biotin microbeads. After a wash with buffer, the 
cell suspension was applied to a column and placed in 
the magnetic field of a MidiMACS Separator (Miltenyi 
Biotec). Unlabeled cells that passed through the column 
were collected. Spleen cells and purified NK cells were 
cocultured with the target cells (YAC-1; American 
Type Culture Collection) at different effector: target 
(E:T) ratios in 96-well plates for 24 or 20 hr at 37°C 
in a 5% CO2 atmosphere. Cytotoxicity was determined 
colorimetrically using a an LDH (lactate dehydrogenase) 
cytotoxicity Detection Kit (Takara Bio Inc., Otsu, Japan) 
to measure LDH released from the cytosol. The assay was 
performed according to the manufacturer’s instructions. 
LDH activity in the supernatants was measured using an 
ELISA reader (at 490 nm).

4. Pathological examination
The lungs were removed and weighed 16 days after 

infection with a lethal dose of influenza virus. The left 
lung were embedded in paraffin and cut into 4-μm-thick 
sections; one section from each tissue sample was stained 
using a standard hematoxylin and eosin procedure. 
Lung sections were examined to determine the degree 
of inflammation and extent of pneumonia in a blinded 
fashion: 0 = no pneumonia; 1 = slightly mild interstitial 
pneumonia (< 10% of the lung exhibiting inflammation); 
2 = mild interstitial pneumonia (10–30% of the lung); 3 
= moderate interstitial pneumonia (30–60% of the lung); 
4 = moderately severe interstitial pneumonia (60–80% of 
the lung) and 5 = severe interstitial pneumonia (≥ 80% 
of the lung). The scores of the individual samples were 
summed to yield a composite score.

5. Preparation of lung homogenates and viral titration in 
Madin-Darby canine kidney (MDCK) cells

The right lung was weighed and then homogenized 
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in 1 mL of ice-cold PBS using a tissue homogenizer. 
Following centrifugation (20,000 × g at 4°C for 20 min), 
the supernatant was collected. Plaque assays were 
performed on monolayers of MDCK cells in 12-well 
tissue culture plates. Quadruplicate serial dilutions were 
prepared from the lung homogenates and 50 µL of each 
dilution was incubated in monolayers for 1 hr at 37°C 
in a 5% CO2 atmosphere, with occasional rocking. The 
inoculum was aspirated, and the monolayers were overlaid 
with 1 mL of minimum essential medium supplemented 
with 0.8% agarose and 1 µg of acetylated trypsin. After 
incubation of the cultures for 3 days at 35°C, the viral 
plaques were identified by fixing the cultures with 2% 
paraformaldehyde followed by staining with 0.1% crystal 
violet. The results are presented as PFU per lung.

6. ELISA for cytokines, IgA, IgG1, IgG2a, and surfactant 
protein-D (SP-D)

The levels of cytokines, IgA, IgG1, IgG2a, and SP-D 
were measured using commercial ELISA kits according 
to the instructions of the respective manufacturer. The IL-
6, IL-10, IL-12, tumor necrosis factor (TNF)-α, TGF-β1, 
and IFN-γ levels in lung homogenates were measured 
using an OptEIA ELISA kit (BD Biosciences). IFN-α 
and IFN-β levels were measured using the respective 
kits (Invitrogen, Merelbeke, Belgium). The levels of IgA 
in the feces, lung homogenates, and serum and of IgG1 
and IgG2a in serum were measured using IgA, IgG1, 
and IgG2a kits (Bethyl Laboratories, Montgomery, TX, 
USA). SP-D levels were measured using an ELISA kit 
for mouse pulmonary SP-D (CUSABIO Biotech, Wuhan, 
P.R. China). The levels of IgA, IgG1, and IgG2a in the 
lung homogenates were converted and expressed per lung.

7. Cecum analysis
The cecal contents were mixed, and the pH was 

measured using a compact pH electrode (B-112; Horiba, 
Kyoto, Japan). A portion of the cecal contents was dried 
at 105°C for 24 hr and weighed to determine the water 
content. Organic acids (acetate, propionate, butyrate, 
lactate, and succinate) in the cecum were measured 
by high-performance liquid chromatography (HPLC) 
with an internal standard [33]. The cecal contents were 
prepared by mixing 300 mg with 0.3 mL of 10 mM 
crotonic acid (Wako Pure Chemical Industries) as an 
internal standard followed by centrifugation at 10,000 
× g for 10 min; the supernatant was used in the HPLC 
analysis. The organic acids were separated using an ion-
exclusion column and detected using the post-column 
pH-buffered electroconductivity detection method. The 
H-type cation exchanger column (Shim-pack SCR-102H, 

8-mm 8 mm internal diameter × 30 cm length; Shimadzu, 
Kyoto, Japan) had a temperature of 45°C, a mobile phase 
of 5 mM p-toluene sulfonic acid (flow rate, 0.6 mL/min 
at 45°C), an electroconductivity detector of positive 
polarity at 45°C, and a detection reagent consisting of 
20 mM bis-Tris aqueous solution containing 5 mM 
p-toluene sulfonic acid and 100 µM EDTA (flow rate of 
0.6 mL/min, 45°C).

Statistical analyses
Each experiment was performed at least twice. 

The data are presented as means ± SDs. All statistical 
analyses were performed using SPSS version 17.0 (SPSS 
Inc., Chicago, IL, USA). Changes in fecal SIgA, body 
weight, the cytotoxic activity of NK cells, lung virus 
titer and SIgA on lethal-dose influenza A virus infection, 
and cytokine and SP-D levels were analyzed by a two-
way ANOVA. Significant differences between two 
groups were identified using Tukey post hoc tests. The 
survival rate was estimated by the Kaplan-Meier method 
and analyzed by the log-rank test. All other data were 
analyzed using the Student’s t-test. A p-value < 0.05 was 
considered to indicate statistical significance.

RESULTS

Effect of lactosucrose on intestinal fermentation and 
the immune response in mice

Lactosucrose supplementation did not affect body 
weight gain, food intake, or organ weights. The exception 
was the cecum, as the cecal mass and the cecal acetate, 
propionate, butyrate, lactate, succinate, and SCFA levels 
were significantly increased and the pH of the cecal 
contents was significantly decreased in mice fed the 
lactosucrose supplement (Table 1). Significant increases 
in fecal (Fig. 1A) and lung SIgA concentrations and in 
the concentrations of total IgA and IgG2a in the serum 
(Fig. 1B) were also recorded in these mice. In the spleen 
and PPs, lactosucrose supplementation altered the 
proportions of lymphocyte subsets. The percentages of 
CD8+ T cells in the spleen and of CD4+ T cells in PPs 
were significantly increased compared with the control 
group (Fig. 1C). However, in the lungs and MLNs, there 
were no significant differences in the lymphocyte subsets 
of lactosucrose-fed and control mice (data not shown).

Effect of dietary lactosucrose on cytotoxic activity of 
NK cells

Lactosucrose supplementation in mice for 4 weeks 
significantly increased NK cell cytotoxic activity in 
splenocytes at E:T ratios of 80:1 and 40:1 (Fig. 2A) and 
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significantly increased the cytotoxic activity of purified 
NK cells in the spleen at an E:T ratio of 50:1 (Fig. 2B).

Effects of lactosucrose on low-dose influenza A virus 
infection

Lactosucrose supplementation did not affect 
body weight gain or food intake before influenza A 
virus infection. The average daily food intake of the 
lactosucrose group (9.72 g/mouse, 7 days) after influenza 
A virus infection was greater than that of the control 
group (7.52 g/mouse, 7 days). One of the control mice 
died 5 days after infection, whereas all mice in the 
lactosucrose group survived until 7 days post infection. 
Body weight loss (Fig. 3A) and lung viral titers (Fig. 3B) 
were significantly lower in the lactosucrose group than in 
the control group at 7 days post infection. Furthermore, 
the percentages of NK cells in the spleen and of CD4+ 
and CD8+ T cells in PPs were significantly higher in the 
lactosucrose group than in the control group (Fig. 3C). 
The percentage of IgM+ cells in PPs was significantly 
lower in the lactosucrose group than in the control group. 
There was no significant difference in lung weight. The 
average lung weight in mice fed the normal diet was 0.32 
± 0.08 g, while that of mice fed lactosucrose was 0.28 ± 
0.09 g.

Effects of lactosucrose on lethal-dose influenza A virus 
infection

Lactosucrose supplementation protected mice against 
a lethal influenza virus A infection as evidenced by their 
higher survival rates (Fig. 4A) and lower weight loss 
(Fig. 4B) compared with the control mice. In addition, 
in the lactosucrose group, viral titers in the lungs were 
significantly lower at 1 day post infection (Fig. 4C), 

Table 1. Organ weights, cecal pH, water content, organic acid 
content, and total amounts of short-chain fatty acids in 
mice fed the control or lactosucrose-supplemented diet 
for 6 weeks

Control Lactosucrose
n 9 8
Organ weights (g)

Spleen 0.10 ± 0.01 0.11 ± 0.02
MLNs 0.03 ± 0.01 0.03 ± 0.01
Lung 0.13 ± 0.01 0.15 ± 0.02
Cecum 0.19 ± 0.04 0.32 ± 0.05 *

Cecum (pH) 8.2 ± 0.2 7.5 ± 0.4 *
Water (%) 69.8 ± 2.1 71.6 ± 2.6
Organic acid concentrations (μmol/g cecal contents)a

Acetate 25.2 ± 5.4 56.9 ± 33.9 *
Propionate 5.2 ± 0.7 8.6 ± 3.0 *
Butyrate 3.3 ± 0.7 10.0 ± 8.0 *
Short-chain fatty acidb 33.7 ± 6.5 75.5 ± 42.6 *
Lactate 6.8 ± 1.4 17.3 ± 13.0 *
Succinate 1.3 ± 0.5 2.8 ± 0.9 *

The values are means ± SDs. The data were analyzed by Student’s t-
test. An asterisk indicates a significant difference between the control 
and lactosucrose groups (p<0.05). aThe data were calculated from the 
amounts of the organic acids contained in the cecal contents. bShort-
chain fatty acid is the sum of acetate, propionate, and butyrate.

Fig. 1. Effects of lactosucrose supplementation on immune 
modulation in mice. All data are representative of two 
independent experiments. Fecal SIgA was determined each 
week by ELISA. Lactosucrose supplementation increased SIgA 
production (A). *, Significant increases in fecal SIgA levels 
determined using a two-way ANOVA and Tukey post hoc tests in 
comparison with mice fed the control diet (p<0.05). Each point 
represent the mean ± SD. ○, Mice fed the control diet (n = 9). ●, 
Mice fed the lactosucrose diet (n = 8). The concentration of SIgA 
in lung homogenates and the serum concentrations of total IgA, 
IgG1, and IgG2a in mice fed the experimental diet for 6 weeks 
(B). Lactosucrose supplementation increased the concentration 
of SIgA in lung homogenates (B) and the concentrations of 
total IgA and IgG2a in serum. It also altered lymphocyte subset 
ratios in the spleen and PPs (C). Significant increases in the 
percentages of CD8+ T lymphocytes in the spleen and CD4+ T 
lymphocytes in PPs. *, p<0.05 as determined by the Student’s 
t-test in comparison with mice fed the control diet.
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and lung SIgA levels were significantly higher at 1 and 
2 days post infection (Fig. 4D). Three mice survived in 
the control group compared to 12 in the lactosucrose 
group. There were no significant differences in lung 
weight or pathology score. The average lung weight in 
the mice fed the normal diet was 0.29 ± 0.08 g, while 
that in the mice fed the lactosucrose-supplemented diet 
was 0.26 ± 0.05 g. The average pathology score in the 
mice fed the normal diet was 4.3 ± 1.2, while that in 
the mice fed the lactosucrose-supplemented diet was 
3.7 ± 1.1. Differences between the two groups with 
respect to lymphocyte subset populations in the spleen 
and lungs were also noted. The percentages of splenic 
CD11c+ MHC class II+ and class II- dendritic cells were 
significantly lower at 1 day post infection (Fig. 5A), and 
the percentage of CD4+ T cells was significantly higher 
at 1 and 3 days post infection in the lactosucrose group 
than in the control group. The percentage of CD8+ T cells 
in the spleen tended to be higher at 1 day post infection 
(p=0.06). At 2 days post infection, the difference in CD8+ 
T cells in the lungs was significant (Fig. 5B). There 
were no significant differences in the concentrations 
of cytokines (IFN-α, IFN-β, IFN-γ, IL-6, IL-10, IL-12, 
TNF-α, and TGF-β1) and SP-D in the lungs of the control 
versus the lactosucrose-fed mice at 3 days post infection.

DISCUSSION

This study evaluated the effects of lactosucrose on 
cecal fermentation, immune responses, and influenza 
A virus infection in mice. In the absence of influenza A 

virus infection, lactosucrose supplementation increased 
fecal and lung SIgA concentrations and total serum IgA 
and IgG2a concentrations. It also altered lymphocyte 
subset populations in the spleen and PPs. In a mouse 
model of low-dose influenza virus infection, lactosucrose 
supplementation significantly reduced weight loss and 
viral titers in the lungs. In mice infected with a lethal 
dose of influenza A virus, it significantly increased their 
survival.

The cytotoxic activity of splenic NK cells was also 
augmented by lactosucrose supplementation, consistent 
with the significantly decreased viral titers in the mouse 
lungs 1 day post infection with a lethal dose of influenza 
A virus. Enhancement of local cellular immunity in 
the respiratory tract is important for protection against 
influenza virus infection [34, 35]. NK cells display a 
potent ability to control viral infections through the 
production of cytokines and the elimination of virus-
infected cells [17, 36, 37]. In a previous study, oral 
administration of Lactobacillus casei Shirota [17] 
and Bifidobacterium longum MM [37] augmented the 

Fig. 2. Effects of lactosucrose supplementation on the cytotoxic 
activity of NK cells. Values are means ± SDs (n = 5). *, p<0.05 
as determined by two-way ANOVA and Tukey post hoc tests 
in a comparison with mice fed a control diet. Lactosucrose 
supplementation in mice significantly increased cytotoxic 
activity in splenocytes at ratios of 80:1 and 40:1 (A) and 
significantly increased cytotoxic activity in purified NK cells at 
a ratio of 50:1 (B).

Fig. 3. Effects of lactosucrose in mice infected with a low dose of 
influenza A virus. All data are representative of two independent 
experiments. Values are means ± SDs. Control group, n = 8; 
lactosucrose group, n = 9. The mice were intranasally infected 
with one-quarter of the lethal dose (low dose) of influenza A 
(H1N1) virus after being fed the control diet or the lactosucrose 
diet for 2 weeks. One mouse in the control group died 5 days 
after infection, whereas all mice in the lactosucrose group 
survived until 7 days after infection. Body weight loss (A) and 
lung viral titers were significantly lower in the lactosucrose 
group than in the control group at 7 days postinfection (B). The 
percentages of NK cells in the spleen and of CD4+ and CD8+ T 
cells in PPs were significantly higher and that of IgM+ cells in 
PPs was significantly lower in the lactosucrose group than in 
the control group (C). *, p<0.05 as determined by the Student’s 
t-test in a comparison with mice fed the control diet.
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cytotoxic activity of splenic and pulmonary NK cells 
in mice, thus demonstrating the anti-viral effects of 
probiotics. Prebiotic supplementation enhanced the 
number of probiotic bacteria in the small and large 
intestines [21]. Lactosucrose was fermented by probiotic 
bacteria, including Bifidobacterium species in the large 
intestine [26, 27]. We did not investigate the change in 
intestinal microflora, but our results indicate increases in 
the weight of the cecum and the SCFA levels in mice 
fed a lactosucrose-supplemented diet, suggesting an 
increase in probiotic bacteria in their large intestines. 
These changes might enhance the cytotoxicity of NK 
cells targeting influenza virus-infected cells during the 
early phase of virus infection.

Both cellular and humoral immunity are important 
defense responses to influenza virus infection. IgG 
antibodies are responsible for the majority of serum 
antiviral activity, while SIgA is directed toward viruses 
that infect mucosal surfaces, and SIgA protects against 

viral infections of the upper respiratory tract [35, 38, 39]. 
In this study, lactosucrose supplementation significantly 
increased the concentration of SIgA in fecal and lung 
homogenates and the concentration of total IgA in serum. 
In a previous study, suppression of influenza virus 
infection by Lactobacillus pontosus strain b240 was 
suggested to be mediated by enhanced SIgA production 
[19]. Accordingly, in lactosucrose-fed mice, the increased 
SIgA production may have enhanced the mucosal 
immunity of the upper respiratory tract, thereby enabling 
a defensive response to influenza A virus infection.

Similarly, 5% yacon-derived fructo-oligosaccharide 
supplementation in mice increased the concentration 
of SIgA in feces, but did not increased serum IgA [40]. 
Fructo-oligosaccharide and manno-oligosaccharide 
supplementation in dogs increased the concentration of 
SIgA in the gastrointestinal tract, but did not increased 
serum IgA [41]. Supplementation with probiotics and/or 
prebiotics has been reported to increase except for serum 
IgA level [23]; however, a few studies have reported that 
probiotic and/or prebiotic supplementation increased 
total serum IgA [42–45]. We found higher concentrations 
of SIgA in the lungs and total IgA in the serum and 
feces of lactosucrose-fed mice. However, it is not clear 
how lactosucrose supplementation influenced antibody 
production; in-depth consideration of this is necessary. 
Our study invites the following questions: 1) Does IgA in 
the serum and SIgA in lungs also increase at the time of 
infection with other types of influenza virus? 2) Can this 
phenomenon be observed in other animals and humans?

Influenza infection cannot be prevented by increased 
SIgA production alone. Defense mechanisms against 
influenza virus infection comprise several effector cells 
and molecules [35–37]. The prevention of an influenza 
virus infection or recovery following an infection requires 
the induction of innate and adaptive immune responses 
in the respiratory mucosa. Most influenza viruses are 
detected and destroyed within a few hours by innate 
immune mechanisms such as mucus; macrophages; 
IFN-α, IFN-β, and other cytokines; fever; NK cells; and 
the complement system [35]. NK cells can be activated 
by cytokines during the initial stages of viral infection. 
Cytokines can also enhance activating receptor-mediated 
NK cell activation. The four principal cytokines involved 
in NK cell activation are type I IFNs, IL-12, IL-15, and IL-
18. These cytokines can be produced directly by infected 
cells or by activated dendritic cells or macrophages [37]. 
In this study, to identify the factors that contributed 
to protection against influenza virus infection in 
lactosucrose-fed mice, cytokine, SP-D, and SIgA levels in 
lung homogenates and the lymphocyte subset populations 

Fig. 4. Effects of lactosucrose on mice infected with a lethal dose 
of influenza A virus. Mice were intranasally infected with a lethal 
dose of influenza A virus after being fed the control diet or the 
lactosucrose diet for 4 weeks. All data are representative of two 
independent experiments. The survival rates of the lactosucrose-
fed mice were significantly higher than those of the control 
mice (A). Significant decreases in weight loss were observed 
compared with mice fed the control diet at each time point as 
determined by two-way ANOVA and Tukey post hoc tests (B, 
p<0.05). All values are means ± SDs (n = 21). A significant 
decrease in the viral titer (C) and a significant increase in the 
SIgA concentration (D) were observed in lung homogenates. All 
values are means ± SDs (n = 6). *, p<0.05 as determined by 
two-way ANOVA and Tukey post hoc tests in comparison with 
mice fed the control diet.
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in the spleen and lungs were assessed at the early stages of 
influenza virus infection (1, 2, and 3 days post infection). 
Our results show that lactosucrose supplementation 
augmented the cytotoxic activity of splenic NK cells in 
the absence of influenza virus infection; however, there 
was no significant difference between the lactosucrose 
and control groups in the concentrations of cytokines 
and SP-D in lung homogenates 3 days after infection 
of the mice with a lethal dose of influenza A virus. Lee 
et al. [46] reported that in mice orally administered red 
ginseng, IFN-γ levels in lung homogenates increased 
significantly 5 days post influenza virus infection. In 
the lung homogenates of mice orally administered 
Lactobacillus plantarum DK119, IFN-γ concentrations 
were significantly higher 4 days post influenza virus 
infection [47]. Thus, a difference between the lactosucrose 
and control groups might have developed after 3 days. 
Moreover, we did not evaluate the differences in upper 
respiratory tract and nasal immunity between the control 
and lactosucrose groups. Measurements of cytokines 
and antibodies in bronchoalveolar lavage fluid and nasal 
washes in lactosucrose-fed mice infected or not infected 
with influenza virus may provide information on the 

effects of supplementation on mucosal immunity and 
protection against influenza virus infection of the upper 
respiratory tract.

In summary, we demonstrated the defensive effects of 
lactosucrose supplementation on influenza virus infection 
in this study. It increased splenic NK cell cytotoxicity, 
SIgA concentrations in the feces and lungs, and total 
IgA and IgG2a concentrations in serum. Higher survival 
rates, decreased body weight loss, and lower viral titers 
in the lungs also characterized mice fed a lactosucrose-
supplemented diet prior to influenza virus infection. 
These findings suggest that lactosucrose supplementation 
enhances innate and mucosal immunity in the respiratory 
tract. However, there were no significant differences in 
the levels of type I IFN or cytokines, possibly because the 
virus was removed at an early stage by the increases in 
antibody levels in the respiratory tract and by greater NK 
cell cytotoxicity. The protective effects of lactosucrose 
on mice infected with influenza virus were attributed to 
the augmentation of innate immune responses, enhanced 
cellular and mucosal immunity, and possibly the more 
potent adaptive immunity following a boost observed in 
intestinal fermentation. Thus, in humans, lactosucrose 

Fig. 5. Lymphocyte subsets, cytokine levels, and SP-D levels in mice fed the control or lactosucrose diet for 4 weeks and then infected 
intranasally with a lethal dose of influenza A virus. Lymphocyte subsets and lung homogenate cytokine levels were determined at 1, 2, 
and 3 days post infection. Lactosucrose supplementation altered the lymphocyte subset populations in the spleen (A) and lungs (B). The 
percentages of CD11c+ MHC class II+ double-positive and CD11c+ MHC class II- dendritic cells in the spleen were significantly lower in 
the lactosucrose group than in the control group at 1 day post infection whereas the percentage of splenic CD4+ T cells was significantly 
higher in the lactosucrose group than in the control group at 1 and 3 days post infection. The percentage of CD8+ T cells in the spleen 
showed a non-significant increase 1 day postinfection (p=0.06). The percentage of CD8+ T cells in the lung was significantly higher in 
the lactosucrose group than in the control group at 2 days post infection. All values are means ± SDs (n = 6). *, p<0.05 as determined by 
two-way ANOVA and Tukey post hoc tests in comparison with mice fed the control diet.
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supplementation may also aid in improving resistance to 
influenza viral infection, ameliorating intestinal disorders, 
and increasing intestinal calcium absorption through 
mechanisms related to Bifidobacterium proliferation.
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