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A B S T R A C T

The decline in immune function caused by aging increases the risk of infectious diseases, tumorigeneses and
chronic inflammation, resulting in accelerating senescence. We previously reported a lactic acid bacteria,
Lactococcus lactis strain Plasma (synonym of Lactococcus lactis subsp. lactis JCM 5805, Lc-Plasma), that stimulates
plasmacytoid dendritic cells (pDCs), which play a crucial role in phylaxis from viral infection. In this study, we
investigated the anti-aging effects of long-term oral administration of Lc-Plasma in a senescence-accelerated
mouse strain, SAMP6. Mice given Lc-Plasma showed a significant improvement in survival rate at 82weeks and a
decreased senescence score as compared with control mice throughout this study. Anatomic analysis at 82 weeks
revealed that the frequency of altered hepatocellular foci was significantly lower, and the incidence of other
pathological findings in the liver and lungs tended to be lower in Lc-Plasma mice than in control mice.
Transcription level of the IL-1β gene in lungs also tended to be lower in Lc-Plasma mice. Furthermore, the
thinning of skin and age-related decrease in muscle mass were also significantly suppressed in the Lc-Plasma
group as compared with the control group. Consistent with these phenotypic features, pDCs activity was sig-
nificantly higher in Lc-Plasma mice than in control mice. In conclusion, long-term administration of Lc-Plasma
can decelerate senescence and prolong lifespan via maintenance of the immune system due to activation of pDCs.

1. Introduction

Immune function decreases during aging, resulting in increased
susceptibility to infectious diseases and risk of cancer [1,2]. The decline
in immune function induces chronic inflammation, resulting in accel-
erating senescence [3]. A number of studies reporting age-related
dysfunctions in adaptive immunity have been published. Decreased
thymic T cell generation and disruption of homeostatic T cell pro-
liferation have been reported [4,5]. The number of B cells decreases due
to the loss of early precursors [6], and immunoglobulin class switching
is depressed [7,8]. Age-related dysfunction of innate immune cells —
namely, macrophages, NK cells and dendritic cells (DCs) — has also
been reported [9,10]. In addition, DC tumor antigen presentation has
been shown to be defective in mDCs from aged mice, and a selective
decrease in DC-SIGN has been observed [11].

Plasmacytoid dendritic cells (pDCs) are a crucial subset of cells in
anti-viral immunity that act as proficient producers of type I IFN
[12,13]. Furthermore, pDCs and pDC-derived type I IFNs act as

regulators in both adaptive and innate immunity by controlling various
immune factors, such as T cells [14–17], B cells [18,19], and NK cells
[20]. Any deterioration in the function of pDCs seriously affects the
whole immune system, because they are responsible for not only innate
immune functions such as phagocytosis and cytokine secretion in re-
sponse to antigens, but also acquired immunity by means of antigen
presentation and priming T cells and B cells [21,22].

We previously discovered a unique type of lactic acid bacteria
(LAB), Lactococcus lactis strain Plasma (Lc-Plasma), which stimulates
murine pDCs in vitro and in vivo [23]. Lc-Plasma is a synonym of
Lactococcus lactis subsp. lactis JCM 5805. The active component re-
sponsible for pDC activation is demonstrated to be DNA. We revealed
that IFN-α production by pDC was induced by Lc-Plasma derived DNA,
in addition, it was depending on the TLR9-MyD88 pathway [23]. An-
imal experiments using a parainfluenza-infection model revealed that
oral administration of Lc-Plasma markedly increased the survival rate
against infection and enhanced lung anti-viral immune responses
through the activation of intestinal pDCs [24]. Lc-Plasma could also
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activate human pDCs in vitro and in vivo [25]. In a human clinical
study, oral administration of Lc-Plasma for 10 weeks decreased the
pathogenesis of an influenza-like illness via enhancement of an IFN-α
response to influenza virus [26].

LAB are widely accepted as safe and can be easily incorporated in
the daily diet; therefore, our research has focused on the effects of
lifelong daily administration of Lc-Plasma on phenotypes caused by
aging. Senescence-accelerated mouse (SAM) is an animal model of ac-
celerated senescence and senescence-associated disorders that presents
age-related phenotypes closely mimicking human aging dysfunctions
[27,28]. SAMP6 strain is known to have some aging features, such as
senile osteoporosis, secondary amyloidosis, and colitis; on the other
hand, dysfunction of the immune system, as in SAMP1, SAMP2 and
SAMP8 strains, has not been reported [29]. Therefore, SAMP6 might be
useful for evaluating the natural aging dysfunction of the immune
system.

Some LAB and their products have been reported to be effective in
suppressing various phenotypes and dysfunctions of the immune system
in SAM. For example, oral administration of Lactococcus lactis subsp.
cremoris H61 to aged SAMP6 for 5months was associated with a re-
duction of bone density loss [30]. Administration of Lactobacillus gasseri
TMC0356 to SAMP1 for 4 and 8weeks indicated the potential to up-
regulate cell-mediated immunity [31]. Administration of LAB-fer-
mented milk for 4months had a preventive effect against inflammatory
bowel disease in SAMP1/Yit mice [32]. However, the effect of long-
term administration of LAB and the relationship between immune
function and aging remain unknown.

Here, we investigated the anti-aging effects of lifelong administra-
tion of Lc-Plasma in female SAMP6 mice. Age-related phenotypes were

improved by the suppression of inflammation; furthermore, lifespan
was prolonged markedly.

2. Materials and methods

2.1. Preparation of LAB

Lactococcus lactis subsp. lactis JCM 5805 (Lc-Plasma) were pur-
chased from the Japan Collection of Microorganisms. LAB strains were
grown at 30 °C for 48 h in M17 broth (Oxoid Ltd.) in accordance with
the manufacturer's instructions, washed twice with sterile distilled
water, and heat-killed at 100 °C for 30min.

2.2. Mice

Five-weeks-old SAMP6 female mice were purchased from Japan
SLC, Inc. We have confirmed the effect to activate pDCs by adminis-
tration of Lc-Plasma on female mice [22], therefore we chose female
mice in order to compare with previous study. Mice were housed in-
dividually in a cage. Temperature was maintained at 23 ± 2 °C,
lighting was set at a 12 h / 12 h light/dark cycle, and humidity was
fixed at 60 ± 15%. Animal procedures and experiments were approved
by the Laboratory Animal Care Committee of Central Laboratories for
Key Technologies, Kirin Co., Ltd. (approval ID YO12-00050).

Mice were divided into two groups based on body weight. Lc-Plasma
administration was started from 7weeks of age. Control group mice
(n=20) were fed AIN93G (Oriental Yeast, Tokyo, Japan), and Lc-
Plasma group mice (n=20) were fed AIN93G containing 1mg of heat-
killed Lc-Plasma per day per mouse until age 12 weeks. At 12 weeks, the
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Fig. 1. Comparison of the cumulative survival rate and chronological changes in the degree of senescence.
The cumulative survival rate was evaluated at age 82weeks (A). The control (dot-line) and Lc-Plasma (line) groups each consisted of 16 mice. P < 0.05 (Log-Rank
test).
The degree of senescence was recorded once every 8 weeks (B). Total scores and scores in the skin and hair category were shown. The control and Lc-Plasma groups
each consisted of 16 mice. The mean value of grading score was compared between the two groups. Bar graph shows the mean ± SE grading score. *P < 0.05,
**P < 0.01 (Mann-Whitney U test).
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base feed of both groups was changed from AIN93G to AIN93M in
accordance with the recommended method [33]. Net body weights
were measured once every 4 weeks from 7weeks until 82 weeks of age.
Blood samples were collected once every 8 weeks. Four mice in each
group died due to the blood collection procedure during the study and
were excluded from the analysis; as a result, data from 16 mice in each
group were analyzed.

2.3. Survival analysis

The number of survivors was recorded every day. Survival rate until
82 weeks of age was evaluated by using a log-rank test. The endpoint
was defined before the study began as the point where the number of
survivors dropped to 10 or fewer in either group.

2.4. Evaluation of senescence

Evaluation of the degree of senescence in SAM was performed by
using the grading score system previously reported [28]. In short, seven
items divided into three categories were recorded once every 8 weeks as
follows: 1) behavior category (reactivity and passivity); 2) skin and hair
category (glossiness, coarseness, hair loss, and ulcer); and 3) spine ca-
tegory (lordokyphosis).

2.5. Pathologic analysis

Mice were sacrificed at 82 weeks of age, after administration of Lc-
Plasma for 75 weeks. Spleen (SPN), mesenteric lymph node (MLN),
lungs, liver, kidneys, dorsal skin, leg muscle, and blood were collected
from the control (n=10) and Lc-Plasma (n=15) groups.

Lung, liver, and kidney were fixed by using 10% formalin.

Pathologic tissue analyses were evaluated by the Public Interest
Incorporated Foundation BioSafety Research Center (Japan). Samples
were embedded in paraffin and thinly sectioned. After de-paraffiniza-
tion, sections were counterstained with Mayer's hematoxylin solution
(Muto Pure Chemicals Co., Ltd., Merck, mixture of equal amounts) and
eosin solution, dehydrated in tissue dehydration solution (Wako),
cleared in xylene, and covered with a coverslip using HSR solution
(Sysmex). Samples containing substances unable to be unidentified by
HE staining were analyzed by periodic acid-schiff (PAS), periodic acid/
methenamine-silver (PAM), Masson trichrome stain, and Congo red
staining. Gross lesions were also recorded. Histopathological analysis
was performed by using a pathological examination system (PATHO-
TOX). Histopathological findings were analyzed for 11 items in the lung
category, 23 items in the liver category, and 9 items in the kidney ca-
tegory.

2.6. Cell preparation and FACS analysis

SPN cells and MLN cells were used to evaluate the activity of innate
immunity, that is, the activity of DCs including both pDCs and mDCs, by
FACS analysis. Cells were minced in Mg2+ and Ca2+ free Hank's
Balanced Salt Solution and digested with 1mg/ml of collagenase
(Sigma) and 0.2 mg/ml of DNase I for 20min at 37 °C. EDTA was added
to give a final concentration of 30mM and the mixture was incubated
for 10min at room temperature. Tissue lysates were filtered through a
70 μm nylon cell strainer, layered onto 15% Histodenz (Sigma) in RPMI
1640 containing 10% FCS, and centrifuged at 450×g for 20min
without braking. Low-density fractions at the interface were collected
and washed. The cells were stained with a fluorescent dye conjugated to
an antibody as follows: MHC class II-FITC (M5/114.15.2)
(eBiosciences), CD86-PE (GL1) (BD Pharmingen), Siglec-H-APC
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Fig. 2. Comparison of pDC and mDC activity.
Shown is the effect of long-term administration of Lc-Plasma on the expression of activation markers on pDCs and mDCs in the SPN (A) and MLN (B). The expression
levels of MHC class II and CD86 are shown as median fluorescence intensities (M.F.I.) in the left and right panels, respectively. Short lines represent the mean values.
The control and Lc-Plasma groups consisted of 10 mice and 15 mice, respectively. *P < 0.05, **P < 0.01 (Student's t-test).
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(551.3D3) (Miltenyi Biotec), CD11c-PE-Cy7 (N418) (eBiosciences),
CD11b-APC-Cy7 (M1 / 70) (BD Pharmingen), and CD8-PerCP (53–6.7)
(BD Biosciences). After staining, cells were washed twice with FACS
buffer (0.5% BSA in PBS buffer) and suspended in 4% paraformalde-
hyde (Wako) for FACS analysis. Data were collected by a FACS Canto II
instrument (BD Biosciences) and analyzed by FCS Express software (De
Novo Software). CD11c+ Siglec-H+ cells and CD11c+ CD11b+ cells
were defined as pDCs and myeloid DCs (mDCs), respectively. The ex-
pression levels of cell surface activation markers (MHC class II and
CD86) on pDCs and mDCs were measured.

2.7. Gene expression analysis

Total RNA was extracted from the lung and liver of both groups
using RNeasy Kit (Qiagen). cDNA was prepared by using an iScript

cDNA synthesis kit (BioRad), in accordance with the manufacturer's
protocol. qRT-PCR was performed using SYBR Premix EX Tag (TaKaRa)
using a LightCycler 480 (Roche). GAPDH was used as the reference
gene. The primer sequences were as follows: Gapdh 5′-AACGACCCCT
TCATTGAC-3′ and 5′-TCCACGACATACTCAGCAC-3′; Il-1β 5′-TTGACG-
GACCCCAAAABATG-3′ and 5′-TGGACAGCCCAGGTCAAAG-3′; TNFα
5′-GATCGGTCCCCAAAGGGATG-3′ and 5′-TGAGGGTCTGGGCCATA
GAA-3′; SAA1 5′-ATGAAGGAAGCTAACTGGAAAAACTC-3′ and 5′-TCC
TCCTCAAGCAGTTACTACTGCAA-3′; SAA2 5′-ATGAAGGAAGCTGGCT
GGAAAGATGG-3′ and 5′-TCCTCCTCAAGCAGTTACTACTGCTG-3′;
SAA3 5′-GCCACCATGAAGCCTTCCATTGCCATCATT-3′ and 5′-TCAGT
ATCTTTTAGGCAGGCCAGCAG-3′.

2.8. Evaluation of skin thickness

Dorsal skins collected from mice were fixed by using 10% formalin.
After dehydration, samples were embedded by paraffin, thinly sec-
tioned (4 μm), and stained by HE using the conventional method. Cross-
sections were selected from four plates per sample and one microscopic
field (100× magnification) per plate was photographed. Ten observa-
tion points were selected from one plate at random. The average
thickness of the epidermis from one sample was calculated from 40
points (10 points× 4 plates).

2.9. Evaluation of muscle weight

Soleus muscle, gastrocnemius muscle, tibialis anterior muscle, and
extensor digitorum longus muscle were collected from both legs. The
average weight of both legs per body weight was calculated.

2.10. Statistical analysis

Statistical differences between two groups were determined by
using an unpaired, two-tailed Student's t-test with significance set at
P < 0.05. For survival studies, a Log-Rank (Mantel-Cox) test was used.
Senescence scores were evaluated by using the Mann-Whitney U test.
Pathological analysis of lung, liver, and kidney was evaluated by using
a χ2 test.

3. Results

3.1. Long-term administration of Lc-Plasma decelerates senescence and
prolongs lifespan

At 82weeks of age, the survival rate was 62.5% (10/16) in the
control group, and 93.75% (15/16) in Lc-Plasma group (Fig. 1A). The
cumulative survival rate was significantly higher in the Lc-Plasma
group than in the control group (P < 0.05).

Senescence scores were evaluated once every 8 weeks from
27weeks until 82 weeks of age, as described in Materials and Methods.
The total scores were lower in the Lc-Plasma group than in the control
group throughout the study; in particular, there were significant dif-
ferences at 43, 67, 75, and 82weeks (Fig. 1B). Regarding the sub-ca-
tegories, scores in the skin and hair category were significantly lower in
the Lc-Plasma group (Fig. 1B); however, there were no significant dif-
ferences between the two groups in the behavior category and spine
category (data not shown). These results suggest that daily adminis-
tration of Lc-Plasma prolongs lifespan and decelerates senescence, with
the greatest effect on scores in the skin and hair category.

3.2. Long-term administration of Lc-Plasma activates pDCs and mDCs in
aged mice

We previously reported that administration of Lc-Plasma to young
mice for 2 weeks activated pDCs and mDCs in mesenteric lymph node
(MLN), but not in spleen (SPN) [23]. In this study, we evaluated the

Table 1
Pathologic analysis of lung, liver and kidney in the two groups.

Organ Pathological finding Number of mice P value
(χ2 test)

Control
n=10

Lc-Plasma
n=15

Lung Hemorrhage 6 9 1.000
Thrombus 0 1 0.405
Accumulation of foamy cells 1 0 0.211
Appearance of giant nucleus 2 0 0.071 †

Eosinophilic change 10 15 –
Metaplasia, osseous 0 1 0.405
Metaplasia, squamous cell 0 0 –
Mineralization 1 0 0.211
Aggregation, macrophage 2 0 0.071 †

Neutrophilia 10 15 –
Hyperplasia, lymphoid tissue 0 0 –

Liver Peliosis 1 0 0.211
Anisonucleosis, hepatocyte 4 7 0.742
Atrophy, hepatocyte 0 0 –
Cyst 1 1 0.763
Dilatation, sinusoid 1 0 0.211
Dilatation, bile duct 3 2 0.307
Hyaline droplet, hepatocyte 0 0 –
Hyalinosis, bile duct 1 0 0.211
Hypertrophy, sinusoidal cell 1 0 0.211
Necrosis, hepatocyte 2 4 0.702
Vacuolation, hepatocyte 1 1 0.763
Abscess 2 0 0.071 †

Bacterial infection 2 0 0.071 †

Aggregation, macrophage 3 4 0.856
Cholangitis 1 0 0.211
Infiltration, inflammatory cell 4 9 0.327
Extramedullary hematopoiesis 3 1 0.119
Hypertrophy, bile duct epithelial cell 0 1 0.405
Increase in mitosis, hepatocyte 1 2 0.802
Altered hepatocellular foci 5 2 0.045 ⁎

Hyperplasia, bile duct 2 1 0.315
(Adenoma, hepatocellular) 1 2 0.802
Hemangiosarcoma 2 1 0.315
Sarcoma, histiocytic 0 1 0.405

Kidney Cast, hyaline 3 7 0.405
Cyst 1 1 0.763
Deposit, amyloid, glomerulus 0 1 0.405
Eosinophilic amorphous substance,
glomerulus

5 7 0.87

Glomerulopathy,
mesangioproliferative
glomerulonephritis

4 4 0.484

Hyaline droplet, proximal tubule 1 1 0.763
Regeneration, tubule 7 10 0.861
Infiltration, inflammatory cell 1 1 0.763
Extramedullary hematopoiesis 0 1 0.405

Pathologic observations of lung, liver, and kidney from the two groups are
shown. The number of mice with abnormalities related to 11 items in lung, 23
items in liver, and 9 items in kidney were counted. ⁎P < 0.05, †P < 0.1 (χ2

test).
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effects of lifelong administration of Lc-Plasma on both splenic and in-
testinal pDCs and mDCs. We examined the activation of pDC and mDC
at 82 weeks of age, after administration of Lc-Plasma for 75 weeks. As
shown in Fig. 2A, the expression level of MHC class II and CD86 on
splenic pDCs were significantly higher in the Lc-Plasma group than in
the control group (P < 0.01). Furthermore, activation markers on
splenic mDCs were higher in the Lc-Plasma group than in the control
group (P < 0.05) (Fig. 2A). Contrary to the data obtained after 2 weeks
of administration of Lc-Plasma in young mice [23], the expression of

activation markers on pDCs and mDCs in MLN did not differ sig-
nificantly between the two groups (Fig. 2B). These results indicate that
lifelong administration of Lc-Plasma might be able to inhibit the age-
related decrease in activity of systemic pDCs and mDCs.

3.3. Effect of long-term administration of Lc-Plasma on pathogenesis and
inflammation

SAMP6 mice are reported to die mainly because of pneumonia,
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abscess formation and contracted kidneys [29]; therefore, we per-
formed a pathological examination of the lungs, liver, and kidneys at
82 weeks of age (Table 1). The frequency of altered hepatocellular foci
was significantly lower in the Lc-Plasma group than in the control
group (P < 0.05), and the onset of abscesses and bacterial infection in
the liver, and the appearance of giant nuclei and aggregation of mac-
rophages in the lungs tended to be lower in the Lc-Plasma group
(P < 0.1).

The various anatomical differences in the liver and lungs between
the two groups prompted us to evaluate gene transcription levels of IL-
1β, which is described as a central mediator in inflammation [34]. qRT-
PCR analysis showed that the transcription level of IL-1β in lungs
tended to be lower in the Lc-Plasma group than in the control group
(P=0.057) (Fig. 3A). On the other hand, there was no significant
difference in the transcription level of IL-1β in liver between groups
(Fig. 3B). In addition, we also evaluated the transcription level of SAA1,
SAA2, SAA3, and TNF-α, which are also well-known biomarkers of
aging and chronic inflammation, however there were not significant
differences. The transcriptions of SAA1 and SAA2 in liver were con-
firmed in only 2 mice in the control groups (data not shown).

These results suggest that lifelong administration of Lc-Plasma
might suppress the onset of pathological aberrations by regulating in-
flammatory gene expression.

3.4. Effect of long-term administration of Lc-Plasma on skin and muscle cell
senescence

As mentioned above, the scores in the skin and hair category were
significantly improved in the Lc-Plasma group. Because it has been
reported that the epidermis becomes thin during the aging process
[35,36], we measured dorsal epidermis thickness at 82 weeks. The data
showed that dorsal epidermis was significantly thicker in the Lc-Plasma
group than in the control group (P < 0.01) (Fig. 4A).

We also measured the weights of the soleus, gastrocnemius, tibialis
anterior and extensor digitorum longus muscles in both legs: all four
muscles were significantly heavier in the Lc-Plasma group than in the
control group (P < 0.05) (Fig. 4B).

Taken together, these results indicate that lifelong administration of
Lc-Plasma might suppress the acceleration of senescence in skin and
muscle.

4. Discussion

We previously reported that administration of Lc-Plasma activates
pDCs, resulting in protection from viral infection in both mice and
humans [23–26]. In this study, we found that administration of Lc-
Plasma is also effective in decelerating senescence. Furthermore, our
data indicated the significant effect of prolonging lifespan. At 82 weeks
of age, the survival rate of SAMP6 mice fed Lc-Plasma was higher than
that of the control mice. Six out of 16 mice died in the control group,
but only one out of 16 mice died in the Lc-Plasma group. The activities
of pDCs and mDCs in SPN were higher in the Lc-Plasma group than in
the control group; however, the activities of pDCs and mDCs in MLN did
not differ between the two groups. We previously reported that ad-
ministration of Lc-Plasma for 2 weeks stimulated DC activity in MLN,
but not in SPN [23]. These results suggest that Lc-Plasma might have
different effects, depending on the terms of administration. On the one
hand, short-term administration of Lc-Plasma may activate local im-
mune cells transiently and contribute to a marked increase in phylaxis
from infection; on the other hand, long-term administration of Lc-
Plasma may inhibit the continuous decline of systemic immunity system
and contribute to decelerating senescence phenotypes and prolonging
lifespan.

One of the functions of pDCs, type I IFN production, is reported to
be decreased in aged C57BL/6 mice [37]. DC tumor antigen presenta-
tion has also been found to be defective in mDCs from aged mice, and a

selective decrease in DC-SIGN has been observed [11]. These defects in
DC function may lead to a risk of infectious diseases. In this study, the
activity of pDCs and mDCs, representing the immune subsets against
viruses and bacteria, respectively, was maintained at a higher level
until the end of life in the Lc-Plasma group as compared with the
control group. Therefore, the risk of daily opportunistic infection might
be reduced throughout lifespan by Lc-Plasma administration. Indeed,
bacterial infection in the liver was found specifically in only the control
group (Table 1), which is considered to be the effect of mDC activation.

Increased frequency of infection can lead to an accumulation of
damage-associated molecular patterns (DAMPs), which activate NLRP3
(inflamasome dependent caspase-1) and cause increased production of
pro-inflammatory cytokines [38,39]. In this study, the transcription
level of IL-1β in lungs tended to be suppressed in the Lc-Plasma group.
The transcriptions of SAA1 and SAA2 in liver were confirmed in only
the control group. IL-1β is known as a central mediator in inflammation
[34], and SAA gene family was reported to be highly expressed during
acute inflammation and chronic inflammatory diseases [40]. In pa-
thological observations, the frequency of altered hepatocellular foci
was significantly improved in the Lc-Plasma group. In addition, the
onset of abscesses in the liver, and the appearance of giant nuclei and
aggregation of macrophages in the lungs were found in only the control
group (Table 1). These results suggest that long-term administration of
Lc-Plasma may inhibit the accumulation of chronic inflammation
through the suppression of daily infection. We speculate that the main
reason why there was not statistic difference between two groups re-
garding with those parameters is six out of 16 mice were died in control
group before the endpoint and we could not collect those data of con-
trol group. Furthermore, we previously reported that in vitro Lc-Plasma
stimulation of pDCs induced ICOS-L and PD-L1 and resulted in the in-
duction of CD4+CD25+Foxp3+ Treg cells [23], suggesting that Lc-
Plasma administration might contribute to suppression of the in-
flammatory response via the generation of DCs. We have evaluated the
number of pDC and mDC, although there was no significant difference
between two groups (data not shown). Therefore, we consider that
long-term administration of Lc-Plasma did not affect the number of
DCs. Also, concentrations of type I IFN in blood serum at 82 weeks were
not detected in both groups. However, it is reported that an excessive
increase of IFN production lead to chronic inflammation causing ac-
celeration of senescence, therefore we think these results do not dismiss
the notion of anti-aging effect. More importantly, long-term adminis-
tration of Lc-Plasma could inhibit the decline of co-stimulatory mole-
cules or MHC on DCs which lead to preservation of appropriate tuning
of acquired immunity and contribute to improvement of reactivity to
virus and other immune systems.

We also evaluated the effects of Lc-Plasma on tissue damage asso-
ciated with aging in this study. As a result, age-related skin thinning
and reduced muscle weight were significantly suppressed in mice fed
Lc-Plasma, which might have contributed to the marked improvement
of senescence scores in the Lc-Plasma group. Recently, an interesting
new role of pDCs in sensing tissue and promoting wound healing in skin
has been reported, and the activation of pDCs to produce type I IFN was
found to be dependent on endosomal TLR7 and TLR9 [41]. This sug-
gests that pDCs can recognize nucleic acids released from organs de-
graded by aging and can heal the damage. Type I IFNs would tem-
porarily induce early inflammatory factors for wound healing, which
might contribute to the suppression of chronic inflammation. We also
hypothesize that the anti-aging effect of pDCs is due to the suppression
of chronic inflammation through wound healing. Various conventional
LABs are reported to activate mDC or macrophages, however LAB that
activate not only mDC but also pDC is not reported elsewhere. The
effect via pDC activation such as wound healing might contribute in
long-term administration of Lc-Plasma. To clarify the precise effect of
pDC activation in wound healing, it is needed to be compared with
other conventional LAB strains that activate only macrophages or mDC
in the future.
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In conclusion, we have reported new effects of Lc-Plasma in this
study. Long-term administration of Lc-Plasma decelerated senescence
and prolonged the lifespan of mice markedly. Lc-Plasma is a rare LAB
that can activate not only mDC but also pDC. We hypothesize that such
total DCs activation in aged mice contributes to suppression of ab-
normal inflammation by the effects of “infection prevention”, “Treg cell
induction”, and “wound healing”, resulting in decelerating senescence
and prolonging lifespan. We consider that the abnormal inflammation
does not gradually rise with age, but rather occurs due to a declining
function of the upstream immune system. However it's still unclear
whether other effects such as suppression of pathological onset and
inflammation, or suppression of skin and muscle aging are caused by
direct mechanism via DCs activation. Studies exploring the detailed
mechanisms underlying the relationship between Lc-Plasma adminis-
tration and aging phenotypes will be required.

Acknowledgments

We thank Dr. Hideyuki Tamakawa, Mr. Ryohei Tsuji and Ms.
Kumiko Ikado for their technical assistance and valuable discussion.

Author contributions

D.F., T.S. conceived and designed the experiments, T.S., K.J., K.O.
and others performed the experiments, T.S., K.J., K.O. and others
analyzed the data, T.S., K.J., D.F. wrote the manuscript.

Financial support

This research received no specific grant from any funding agency,
commercial or not-for-profit sectors.

Competing interests

The authors declare no competing interests.

References

[1] G. Gavazzi, K.H. Krause, Ageing and infection, Lancet Infect. Dis. 2 (2002) 659–666.
[2] T. Finkel, M. Serrano, M.A. Blasco, The common biology of cancer and ageing,

Nature 448 (2007) 767–774.
[3] G. Pawelec, D. Goldeck, E. Derhovanessian, Inflammation, ageing and chronic

disease, Curr. Opin. Immunol. 29 (2014) 23–28.
[4] A.C. Maue, E.J. Yager, S.L. Swain, D.L. Woodland, M.A. Blackman, L. Haynes, T-cell

immunosenescence: lessons learned from mouse models of aging, Trends Immunol.
30 (2009) 301–305.

[5] J.J. Goronzy, F. Fang, M.M. Cavanagh, Q. Qi, C.M. Weyand, Naive T cell main-
tenance and function in human aging, J. Immunol. 194 (2015) 4073–4080.

[6] J.P. Miller, D. Allman, The decline in B lymphopoiesis in aged mice reflects loss of
very early B-lineage precursors, J. Immunol. 171 (2003) 2326–2330.

[7] D. Frasca, R.L. Riley, B.B. Blomberg, Effect of age on the immunoglobulin class
switch, Crit. Rev. Immunol. 24 (2004) 297–320.

[8] D. Frasca, B.B. Blomberg, Aging affects human B cell responses, J. Clin. Immunol.
31 (2011) 430–435.

[9] E.J. Kovacs, J.L. Palmer, C.F. Fortin, T. Fülöp Jr., D.R. Goldstein, P.J. Linton, Aging
and innate immunity in the mouse: impact of intrinsic and extrinsic factors, Trends
Immunol. 30 (2009) 319–324.

[10] A.C. Shaw, S. Joshi, H. Greenwood, A. Panda, J.M. Lord, Aging of the innate im-
mune system, Curr. Opin. Immunol. 22 (2010) 507–513.

[11] A. Grolleau-Julius, E.K. Harning, L.M. Abernathy, R.L. Yung, Impaired dendritic cell
function in ageing, Cancer Res. 68 (2008) 6341–6349.

[12] G. Trinchieri, D. Santoli, Anti-viral activity induced by culturing lymphocytes with
tumor-derived or virus-transformed cells. Enhancement of human natural killer cell
activity by interferon and antagonistic inhibition of susceptibility of target cells to
lysis, J. Exp. Med. 147 (1978) 1314–1333.

[13] F.P. Siegal, N. Kadowaki, M. Shodell, P.A. Fitzgerald-Bocarsly, K. Shah, S. Ho, et al.,
The nature of the principal type 1 interferon-producing cells in human blood,
Science 284 (1999) 1835–1837.

[14] A. Le Bon, D.F. Tough, Links between innate and adaptive immunity via type I
interferon, Curr. Opin. Immunol. 14 (2002) 432–436.

[15] A. Le Bon, N. Etchart, C. Rossmann, M. Ashton, S. Hou, D. Gewert, et al., Cross-
priming of CD8+ T cells stimulated by virus-induced type I interferon, Nat.
Immunol. 4 (2003) 1009–1015.

[16] M.F. Mescher, J.M. Curtsinger, P. Agarwal, K.A. Casey, M. Gerner,
C.D. Hammerbeck, et al., Signals required for programming effector and memory
development by CD8+ T cells, Immunol. Rev. 211 (2006) 81–92.

[17] H. Takagi, T. Fukaya, K. Eizumi, Y. Sato, K. Sato, A. Shibazaki, et al., Plasmacytoid
dendritic cells are crucial for the initiation of inflammation and T cell immunity in
vivo, Immunity 35 (2011) 958–971.

[18] G. Jego, A.K. Palucka, J.P. Blanck, C. Chalouni, V. Pascual, J. Banchereau,
Plasmacytoid dendritic cells induce plasma cell differentiation through type I in-
terferon and interleukin 6, Immunity 19 (2003) 225–234.

[19] H. Poeck, M. Wagner, J. Battiany, S. Rothenfusser, D. Wellisch, V. Hornung, et al.,
Plasmacytoid dendritic cells, antigen, and CpG-C license human B cells for plasma
cell differentiation and immunoglobulin production in the absence of T-cell help,
Blood 103 (2004) 3058–3064.

[20] F. Gerosa, A. Gobbi, P. Zorzi, S. Burg, F. Briere, G. Carra, et al., The reciprocal
interaction of NK cells with plasmacytoid or myeloid dendritic cells profoundly
affects innate resistance functions, J. Immunol. 174 (2005) 727–734.

[21] J.P. Gigley, I.A. Khan, Plasmacytoid DC from aged mice down-regulate CD8 T cell
responses by inhibiting cDC maturation after Encephalitozoon cuniculi infection,
PLoS One 6 (2011) e20838.

[22] S. Gupta, Role of dendritic cells in innate and adaptive immune response in human
aging, Exp. Gerontol. 54 (2014) 47–52.

[23] K. Jounai, K. Ikado, T. Sugimura, Y. Ano, J. Braun, D. Fujiwara, Spherical lactic acid
bacteria activate plasmacytoid dendritic cells immunomodulatory function via
TLR9-dependent crosstalk with myeloid dendritic cells, PLoS One 7 (2012) e32588.

[24] K. Jounai, T. Sugimura, K. Ohshio, D. Fujiwara, Oral administration of Lactococcus
lactis subsp. lactis Lc. Plasma enhances lung immune response resulting in protec-
tion from murine parainfluenza virus infection, PLoS One 10 (2015) e0119055.

[25] T. Sugimura, K. Jounai, K. Ohshio, T. Tanaka, M. Suwa, D. Fujiwara,
Immunomodulatory effect of Lactococcus lactis Lc. Plasma on human plasmacytoid
dendritic cells, Clin. Immunol. 149 (2013) 509–518.

[26] T. Sugimura, H. Takahashi, K. Jounai, K. Ohshio, M. Kanayama, K. Tazumi, et al.,
Effects of oral intake of pDC-stimulative lactic acid bacterial strain on pathogenesis
of influenza-like illness and immunological response to influenza virus, Br. J. Nutr.
114 (2015) 727–733.

[27] T. Takeda, M. Hosokawa, S. Takeshita, M. Irino, K. Higuchi, T. Matsushita, et al., A
new murine model of accelerated senescence, Mech. Ageing Dev. 17 (1981)
183–194.

[28] M. Hosokawa, R. Kasai, K. Higuchi, S. Takeshita, K. Shimizu, H. Hamamoto, et al.,
Grading score system: a method for evaluation of the degree of senescence in se-
nescence accelerated mouse (SAM), Mech. Ageing Dev. 26 (1984) 91–102.

[29] T. Takeda, T. Matsushita, M. Kurozumi, K. Takemura, K. Higuchi, M. Hosokawa,
Pathobiology of the senescence-accelerated mouse (SAM), Exp. Gerontol. 32 (1997)
117–127.

[30] H. Kimoto-Nira, C. Suzuki, M. Kobayashi, K. Sasaki, J. Kurisaki, K. Mizumachi, Anti-
ageing effect of a lactococcal strain: analysis using senescence-accelerated mice, Br.
J. Nutr. 98 (2007) 1178–1186.

[31] M. Kawase, F. He, K. Miyazawa, A. Kubota, K. Yoda, M. Hiramatsu, Orally ad-
ministered heat-killed Lactobacillus gasseri TMC0356 can upregulate cell-mediated
immunity in senescence-accelerated mice, FEMS Microbiol. Lett. 326 (2012)
125–130.

[32] S. Matsumoto, N. Watanabe, A. Imaoka, Y. Okabe, Preventive effects of
Bifidobacterium - and Lactobacillus - fermented milk on the development of in-
flammatory bowel disease in senescence-accelerated mouse P1/Yit strain mice,
Digestion 64 (2001) 92–99.

[33] P.G. Reeves, F.H. Nielsen, G.C. Fahey Jr., AIN-93 purified diets for laboratory ro-
dents: final report of the American Institute of Nutrition ad hoc writing committee
on the reformulation of the AIN-76A rodent diet, J. Nutr. 123 (1993) 1939–1951.

[34] C. Garlanda, C.A. Dinarello, A. Mantovani, The interleukin-1 family: back to the
future, Immunity 39 (2013) 1003–1018.

[35] T.K. Bhattacharyya, J.R. Thomas, Histomorphologic changes in aging skin: ob-
servations in the CBA mouse model, Arch. Facial Plast. Surg. 6 (2004) 21–25.

[36] H.C. Wulf, J. Sandby-Møller, T. Kobayasi, R. Gniadecki, Skin aging and natural
photoprotection, Micron 35 (2004) 185–191.

[37] H.W. Stout-Delgado, X. Yang, W.E. Walker, B.M. Tesar, D.R. Goldstein, Aging im-
pairs IFN regulatory factor 7 up-regulation, J. Immunol. 181 (2008) 6747–6756.

[38] C. Ruggiero, A. Cherubini, A. Ble, A.J. Bos, M. Maggio, V.D. Dixit, et al., Uric acid
and inflammatory markers, Eur. Heart J. 27 (2006) 1174–1181.

[39] R.G. Cutler, J. Kelly, K. Storie, W.A. Pedersen, A. Tammara, K. Hatanpaa, et al.,
Involvement of oxidative stressinduced abnormalities in ceramide and cholesterol
metabolism in brain aging and Alzheimer's disease, Proc. Natl. Acad. Sci. U. S. A.
101 (2004) 2070–2075.

[40] N. Zhang, M.H. Ahsan, A.F. Purchio, D.B. West, Serum amyloid A-luciferase
transgenic mice: response to sepsis, acute arthritis, and contact hypersensitivity and
the effects of proteasome inhibition, J. Immunol. 174 (2005) 8125–8134.

[41] J. Gregorio, S. Meller, C. Conrad, A. Di Nardo, B. Homey, A. Lauerma, et al.,
Plasmacytoid dendritic cells sense skin injury and promote wound healing through
type I interferons, J. Exp. Med. 207 (2010) 2921–2930.

T. Sugimura et al. International Immunopharmacology 58 (2018) 166–172

172

http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0005
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0010
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0010
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0015
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0015
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0020
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0020
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0020
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0025
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0025
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0030
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0030
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0035
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0035
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0040
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0040
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0045
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0045
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0045
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0050
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0050
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0055
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0055
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0060
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0060
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0060
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0060
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0065
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0065
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0065
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0070
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0070
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0075
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0075
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0075
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0080
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0080
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0080
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0085
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0085
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0085
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0090
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0090
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0090
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0095
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0095
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0095
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0095
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0100
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0100
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0100
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0105
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0105
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0105
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0110
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0110
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0115
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0115
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0115
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0120
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0120
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0120
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0125
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0125
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0125
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0130
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0130
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0130
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0130
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0135
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0135
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0135
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0140
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0140
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0140
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0145
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0145
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0145
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0150
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0150
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0150
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0155
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0155
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0155
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0155
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0160
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0160
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0160
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0160
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0165
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0165
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0165
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0170
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0170
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0175
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0175
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0180
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0180
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0185
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0185
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0190
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0190
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0195
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0195
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0195
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0195
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0200
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0200
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0200
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0205
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0205
http://refhub.elsevier.com/S1567-5769(18)30127-9/rf0205

	Long-term administration of pDC-Stimulative Lactococcus lactis strain decelerates senescence and prolongs the lifespan of mice
	Introduction
	Materials and methods
	Preparation of LAB
	Mice
	Survival analysis
	Evaluation of senescence
	Pathologic analysis
	Cell preparation and FACS analysis
	Gene expression analysis
	Evaluation of skin thickness
	Evaluation of muscle weight
	Statistical analysis

	Results
	Long-term administration of Lc-Plasma decelerates senescence and prolongs lifespan
	Long-term administration of Lc-Plasma activates pDCs and mDCs in aged mice
	Effect of long-term administration of Lc-Plasma on pathogenesis and inflammation
	Effect of long-term administration of Lc-Plasma on skin and muscle cell senescence

	Discussion
	Acknowledgments
	Author contributions
	Financial support
	Competing interests
	References




