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Lactococcus lactis subsp. cremoris C60 induces macrophages
activation that enhances CD4+ T cell-based adaptive immunity
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Lactococcus lactis subsp. cremoris C60 is a probiotic strain that induces diverse functional modifications in
immune cells. In this report, as a novel effect of C60 on myeloid lineage cells, we show that C60 enhances the
immunological function of macrophages that consequently promotes CD4+ T cell activity in an antigen-dependent
manner. Heat-killed (HK) C60 induced the production of pro-inflammatory cytokines in thioglycolate-elicited
peritoneal macrophages (TPMs) much stronger than Toll-like receptor (TLR) ligand stimulation. The HK-C60
treatment also augmented the expression of antigen-presenting and co-stimulatory molecules, such as major
histocompatibility complex (MHC) class II, CD80, and CD86, as well as antigen uptake in TPMs. These HK-
C60-mediated functional upregulations in TPMs resulted in the promotion of CD4+ T cell activation in an
antigen-dependent manner. Interestingly, the TPMs that originated from the mice fed the HK-C60 diet showed
pre-activated characteristics, which was confirmed by the upregulation of cytokine production and antigen
presentation-related molecule expression under lipopolysaccharide (LPS) stimulation. Furthermore, the antigen-
dependent CD4+ T cell activation was also enhanced by the TPMs. This implied that antigen presentation activity
was enhanced in the TPMs that originated from the HK-C60 diet mice. Thus, C60 effectively upregulates the
immunological function of macrophages that directly connects to CD4+ T cell-based adaptive immunity.
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antigen presentation

INTRODUCTION

Macrophages are innate immune cells that originate from
myeloid lineage-derived precursors produced in bone marrow
[1]. They show diverse function in various biological events
depending on their immunological characters [2]. One of the
primary functions of macrophages is as an innate defense against
various pathogens [3, 4]. For instance, macrophages effectively

eliminate bacteria in infected sites by phagocytosis, opsonization,
and the production of anti-bacterial agents and cytokines that
collaborate with neutrophils [5—7]. In these responses, pattern
recognition receptors (PPRs), such as Toll-like receptors (TLRs),
NOD-like receptors (NLRs), and Fc receptors, participate in
the recognition of/binding to bacteria prior to incorporation and
degradation in the cytosol [8, 9]. Once bacteria are recognized
and incorporated in a phagocytotic manner, macrophages are
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able to directly eliminate them in their phagosomes using various
hydrolases to digest the pathogens [10]. In adaptive immunity,
macrophages also have an important role in regulation of T cells
activity [11]. Since macrophages are characterized as antigen-
presenting cells (APCs), as well as dendritic cells (DCs), B cells,
and neutrophils, they activate both CD4+ and CD8+ T cells by
presenting antigens and producing cytokines in peripheral tissues
and lymphoid organs [12]. The function of macrophages is
thought to be much more focused on than that of DCs, especially
for antigen-dependent reactivation of effector and memory T cells
in the peripheral tissues [13].

Lactic acid bacteria (LAB) are major commensal bacteria,
especially in the intestine, and are frequently utilized in fermented
foods [14, 15]. Since some LAB strains have been identified as
nonpathogenic bacteria (beneficial bacteria for our health), those
strains are frequently utilized in supplements or food ingredients
that aim to maintain proper internal homeostasis and to augment
intestinal immunity [14-16]. We previously reported that
Lactococcus lactis subsp. cremoris C60, a probiotic LAB strain,
promoted the generation and activation of CD4+ T cells in the
small intestine [17]. As an underlying mechanism, we revealed
that a heat-killed C60 (HK-C60) diet promoted not only cytokine
production but also antigen-presenting activity for CD4+ T cells
in intestinal DCs.

We have identified an immunological function of C60:
this strain induced a strong immuno-modification in DCs that
consequently promoted the activation of effector T cells [17].
While, previous studies have reported that various LAB strains
have the potential to enhance the functions of macrophages,
and this prompted us to investigate the novel immunological
functions of C60 in macrophages [18, 19]. In this report, we
show that HK-C60 activated and modified immunological
functions of macrophages. HK-C60-mediated macrophage
activation consequently promoted CD4+ T cell activation in
an antigen-specific manner. This is the first report showing a
direct contribution of C60 to the immunological activities of
macrophages.

MATERIALS AND METHODS

Mice

C57BL/6J and OT-II transgenic mice were purchased from
Clea Japan (Tokyo, Japan). The mice were maintained under
specific pathogen-free (SPF) conditions with a 12 hr day/night
cycle and were allowed free access to food and water. Gender-
and age-matched adult mice (8—12 weeks) were used for each
experiment. To maintain similar microbiota in the gut, all mice
used in the HK-LAB diet study were bred for at least 6 months
in the same facility. All experiments protocols were reviewed and
approved by the Animal Welfare Committee of AIST (protocol
No. 109) and Jichi Medical University (protocol No. 20036-01,
20037-01).

Lactic acid bacteria

L. lactis subsp. cremoris C60 was provided by the National
Agriculture and Food Research Organization (NARO). L.
lactis subsp. cremoris SK-11 and HP were both purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA).
C60 was cultured by following the method described in a previous
report [17]. The SK-11 and HP strains were cultured by following

their product data sheets. Briefly, the bacteria were cultured in
MRS broth (BD Difco™, BD Biosciences, Franklin Lakes, NJ,
USA) at 37°C for 24 hr, and the bacterial colony-forming units
per milliliter (CFU/mL) was calculated for each culture. To
prepare HK-C60, the bacteria were heated at 95°C for 10 min,
and then the bacterial cells were precipitated by centrifugation
at 5,000 g for 10 min at 4°C. After washing with PBS, the cell
pellet was resuspended in 0.9% NacCl (saline) or PBS and stored
at —80°C until use. The sample was used as HK-C60.

LAB diet

To investigate the effect of a diet containing HK-C60, the mice
were fed AIN-93G pellet (control; Oriental Yeast Co., Ltd., Tokyo,
Japan) or HK-C60 kneaded pellet (containing 1.0x10° bacterial
cells/g, AIN-93G based; Oriental Yeast Co., Ltd.) by following
a protocol described in a previous report [17]. Briefly, the mice
were fed the control diet for 1 week (habituation) followed by
HK-C60 kneaded or control pellet for the next 2 weeks.

Preparation of murine macrophages

Thioglycolate-elicited peritoneal macrophages (TPMs) were
prepared by following a protocol described in a previous report
[20]. Briefly, the mice received an intraperitoneal (i.p.) injection
of 2.5 mL of 3% thioglycolate (BD Biosciences). After 84-96 hr,
the infiltrated leukocytes in the peritoneal cavity were collected
with PBS, and the cells were seeded in a cell culture plate after
washing with a cell culture medium comprised of RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 50 uM
2-mercaptoethanol (2-ME), 10 mM HEPES, 100 U/mL penicillin,
and 100 mg/mL streptomycin. The cells were then incubated at
37°C for 2 hr, and the adherent cells were harvested as TPMs. The
purity of TPMs was analyzed by flow cytometry. Samples with
CD11b+F4/80+ > 90% were used for the experiment.

Macrophage stimulation assay

TPMs (1.0x10%/mL) were seeded on a 24-well plate and
then treated with lipopolysaccharide (LPS, 100 ng/mL; Sigma
Aldrich, St. Louis, MO, USA), peptidoglycan (PGN, 10 pg/mL;
InvivoGen, San Diego, CA, USA), polyinosinic-polycytidylic
acid (poly(I:C), 50 pg/mL; InvivoGen), HK-C60 (0.1, 0.5,
1.0, 2.5, or 5.0x107 CFU/mL), other HK-LABs (SK-11 or HP,
5.0x107 CFU/mL), or the vehicle control (PBS: phosphate
buffered saline). The cultures were incubated at 37°C for 24 hr,
and then the cultured medium was harvested and stored at —80°C
until use. The cytokine concentration in the cultured medium was
measured by ELISA (enzyme-linked immunosorbent assay). In
some experiments, TPMs (1.0x10%/mL) were seeded on a 12-well
plate and treated with LPS (100 ng/mL), HK-C60 (5.0x107/mL),
or the vehicle control (PBS) at 37°C for 6 hr, and then the cells
were analyzed by flow cytometry.

Cytokine production assay in primary macrophages

Splenocytes, liver mononuclear cells (MNCs), and colon
lamina propria (LP) leukocytes were isolated from both HK-
C60 and control diet mice by following protocols described in
previous reports [17, 21]. The isolated cells (3.0x10%mL) were
treated with LPS (100 ng/mL) or the vehicle control (PBS) at
37°C for 6 hr in the presence of GolgiStop™. TNF-a production
was analyzed by flow cytometry.
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In vitro antigen uptake

TPMs (1.0x10%mL) were seeded on a 12-well plate, and then
the culture was treated with OVA (ovalbumin) -Alexa 488 (500
ng/mL, Thermo Fisher Scientific, Waltham, MA, USA) in the
presence or absence of HK-C60 (5.0x107/mL). The culture was
incubated at 37°C overnight, and then OVA uptake was analyzed
by flow cytometry. The OVA-Alexa 488 signal was detected in
the CD11b+F4/80+ gate.

Preparation of splenic CD4+ T cells

Splenocytes were prepared from spleens of OT-II transgenic
mice. Spleens were crushed on a 70 pum cell strainer, and then the
cells were washed with cell culture medium. After precipitating
the cells by centrifugation at 300 g for 5 min, the cell pellet was
treated with 1XRBC lysis buffer (Thermo Fisher Scientific) at
room temperature for 10 min. After washing them twice with cell
culture medium, the cells were collected by centrifugation at 300
g for 5 min. The CD4+ T cells in the cell suspension were enriched
by using a mouse CD4+ T cell isolation kit (Miltenyi Biotec,
Bergisch Gladbach, Germany) and following the manufacturer’s
instructions. The purity of CD4+ T cells was analyzed by flow
cytometry. Samples with 90% > CD4+ T cells were used for the
experiment.

In vitro antigen presentation assay

TPMs (2.0x10%mL) and CD4+ T cells (1.0x107/mL) were
mixed and seeded on a 96-well plate in the presence of OVA 353 339
peptide (100 ng/mL; Thermo Fisher Scientific). The culture was
also treated with HK-C60 (5.0x108/mL) or the vehicle control. It
was then incubated at 37°C for 24 hr, and the cellular activation
and cytokine production in the CD4+ T cells were subsequently
analyzed by flow cytometry.

Flow cytometry

Cell surface markers and intracellular cytokines were
analyzed by flow cytometry (LSRFortessa SORP, FACSAria I;
BD Biosciences) with fluorochrome-conjugated monoclonal
antibodies. For intracellular cytokine staining of CD4+ T cells,
samples were restimulated with phorbol 12-myristate 13-acetate
(PMA, 100 ng/mL; Sigma Aldrich) and ionomycin (1 pg/mL;
Sigma Aldrich) in the presence of GolgiStop™ (BD Biosciences)
at 37°C for 6 hr before staining. The cells were first incubated
in PBS/2% FBS with FcR blocker (anti-CD16/CD32 mAbD;
BioLegend, San Diego, CA, USA) at 4°C for 10 min. For surface
marker staining, the cells were incubated with the antibody in
PBS/2% FBS at 4°C for 30 min. For intracellular staining, the
surface-stained samples were treated with Cytofix/Cytoperm
(BD Biosciences) at 4°C for 20 min followed by staining for
intracellular cytokines at 4°C for 30 min. All procedures for
fixation and permeabilization were performed by following the
Cytofix/Cytoperm manufacturer’s instruction manual. Dead cells
were excluded by using forward scatter (FSC)/side scatter (SSC)
and 7-aminoactinomycin D (7-AAD) staining in each analysis.
All data were analyzed by BD FACSDiva (BD Biosciences) or
FlowJo (BD Biosciences). Anti-mouse CD3g (145-2C11), anti-
mouse CD4 (GK1.5), anti-mouse CD8a (53-6.7), anti-mouse
CD25 (3C7), anti-mouse CD69 (H1.2F3), anti-mouse IFN-y
(XMG1.2), anti-mouse TNF-a (MP6-XT22), anti-mouse 1L-4
(11B11), anti-mouse IL-13 (W17010B), anti-mouse IL-17A
(TC11-18H10.1), anti-mouse IL-10 (JES5-16E3), anti-mouse

CD11b (M1/70), and anti-mouse F4/80 (BM8) were all purchased
from BioLegend.

ELISA

Cytokines produced from stimulated TPMs were measured by
DuoSet ELISA kit (R&D Systems, Minneapolis, MN, USA) for
each target. All procedures were performed by following the kit
manufacturer’s instruction manual.

Statistics

Student’s t-test and one-way analysis of variance (ANOVA)
were used to analyze the data for significant differences. Values
of p<0.05, p<0.01, and p<0.001 were regarded as indicating
significance.

RESULTS

C60 induces cytokine production and cellular activation in
macrophages

Since there were no reports about C60 in terms of the functional
modification of macrophages, we first decided to investigate
the effect of this LAB strain on the immunological activities
of macrophages. When we compared the ability to induce
cytokines among strains of L. lactis subsp. cremoris, C60 showed
significantly high IL-6 production in TPMs compared with
other strains (Fig. 1A). Next, TPMs were stimulated with LPS,
PGN, Poly(I:C), or HK-C60, and then the cytokine production
was measured by ELISA. The TPMs produced IL-6, TNF-a,
and IL-12/IL-23p40 under TLR ligand stimulation, respectively.
HK-C60 stimulation also induced these cytokines in a dose-
dependently increased manner (Fig. 1B-D). We also analyzed the
expression of surface molecules on TPMs, which correlated with
antigen presentation, by flow cytometry. The expression levels
of CD80, CD86, and I-A/I-E, which are generally upregulated in
activated APCs [22, 23], were all significantly increased under
HK-C60 stimulation compared with those of the vehicle control
(Fig. 2A, B). The antigen uptake activity was also analyzed in
the TPMs. OVA uptake was significantly promoted in the TPMs
treated with HK-C60 compared with the vehicle control. The mean
fluorescence intensity (MFI) of OVA-Alexa 488 incorporated into
the TPMs was significantly higher in HK-C60-treated TPMs than
TPMs treated with vehicle control (Fig. 2C, D).

Taken together, HK-C60 treatment promoted immunological
activities, such as cytokine production, antigen presentation-
related molecule expression, and antigen uptake, in the
macrophages.

HK-C60 enhances antigen presentation activity in macrophages
that promotes functional differentiation and activation of CD4+
T cells

Since we found that HK-C60 enhanced immunological
activities of macrophages, we next investigated the contribution
of this HK-C60-mediated functional modification to subsequent
immunological activities, such as the generation and activation
of T cells. In vitro co-culture of TPMs and OT-II CD4+ T
cells revealed that the expression of CD69 was significantly
upregulated by the HK-C60 treatment compared with the vehicle
control upon antigen-dependent stimulation (Fig. 3A, B). The
differentiation of IFN-y+CD4+ T (Thl) cells was promoted in
the co-culture treated with HK-C60 (Fig. 3C). The percentage of

doi: 10.12938/bmth.2021-057

©2022 BMFH Press



LAB MODULATE T CELL FUNCTION VIA MACROPHAGE ACTIVATION

133

A a B Cc xx D
25 o _ L e
) 2 r .
—_ - T > ¢
3 3 E £
E ;s § ) g
2 2 < T
3 s : g
=' ] Z ]
” ¢
. =l
‘ s> O $ N ’ s O
@ N ¥ & &3 3 3 2 O ® 38 8 3 & 2 O ¥ s 8 3 3 O
NS OB IR SOOI OSSN NN SRS C NS S8 8RO
& (& ot oF oF ob o vV W\ S oF oF oF o & VN S ot oF o & Vv O\
& 4 RO e RO PO S i < KON &
HK-LAB HK-C60 (CFU/mL) HK-C60 (CFU/mL) HK-C60 (CFU/mL)

(5.0x107 CFU/mL)

Fig. 1.

HK-C60 induces pro-inflammatory cytokine production in macrophages.

A) Comparison of cytokine production between C60 and other strains of LAB. TPMs (1.0x10%mL) were treated with HK-LAB (5.0x107 CFU/mL) or the
vehicle control (PBS) at 37°C for 24 hr, and the concentration of IL-6 in the cultured medium was measured by ELISA.

B-D) Comparison of cytokine production in HK-C60 and TLR ligand treatments. TPMs (1.0x106/mL) were treated with LPS (100 ng/mL), PGN (10 pg/
mL), Poly(I:C) (50 ug/mL), HK-C60 (0.1, 0.5, 1.0, 2.5, or 5.0x107 CFU/mL), or the vehicle control (PBS). The cultures were incubated at 37°C for 24
hr, and the concentrations of IL-6 (B), TNF-a (C), and IL-12/IL-23p40 (D) in the cultured medium were measured by ELISA. The cumulative data are
shown as the mean + SEM of five samples in two independent experiments. *p<0.01 and **p<0.001 were regarded as indicating significance, respectively.
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Fig. 2. HK-C60 stimulation upregulates antigen presentation-related

cellular activities in macrophages.

A, B) HK-C60-mediated cellular activation in macrophages. TPMs
(1.0x10%mL) were treated with HK-C60 (5.0x107 CFU/mL) or the
vehicle control (PBS) at 37°C for 6 hr. The expression levels of CD80,
CD86, and I-A/I-E were analyzed by flow cytometry. A) Representative
histogram of CD80, CD86, and I-A/I-E expression. (B) MFIs were
calculated from the flow cytometry analysis. C, D) HK-C60-mediated
upregulation of antigen uptake in macrophages. TPMs (1.0x10%mL)
were treated with OVA-Alexa 488 (500 ng/mL), and then the culture
was further treated with HK-C60 (5.0x107 CFU/mL) or the vehicle
control and incubated at 37°C overnight. The OVA uptake was analyzed
by flow cytometry. C) Representative histogram of OVA uptake in flow
cytometry analysis. D) MFIs were calculated from the flow cytometry
analysis. CD80, D86, I-A/I-E, and OVA-Alexa 488 signals were detected
in the CD11b+F4/80+ gate in the flow cytometry analysis, respectively.
The cumulative data are shown as the mean + SEM of five samples
in two independent experiments. *p<0.01 was regarded as indicating
significance.

IFN-y-producing CD4+ T cells was significantly increased in the
culture treated with HK-C60 compared with that treated with the
vehicle control (Fig. 3D). IFN-y production in the culture was
measured by ELISA, and we confirmed that it was significantly
increased by culture with HK-C60 compared with culture with the
vehicle control (Fig. 3E). The productions of other cytokines were
also analyzed in the co-cultured CD4+ T cells (Supplementary
Fig. 1). Upregulation of TNF-a was induced in CD4+ T cells
by the antigen-dependent activation in the presence of HK-C60
(Supplementary Fig. 1A). On the other hand, the productions of
IL-4, IL-13, IL-17A, and IL-10 were all at similar levels for the
cultures with or without HK-C60 (Supplementary Fig. 1B-E). We
also found that HK-C60 treatment itself did not directly affect
CD4+ T cell activity. The CD4+ T cells treated only with HK-C60
did not show aggressive differentiation into Thl cells, and the
percentage was similar to that of the CD4+ T cells treated with
the vehicle control. In addition, the CD4+ T cells stimulated with
anti-CD3/CD28 mAb showed identical percentages of Thl cells
between the cultures with and without HK-C60. However, the
CD4+ T cells co-cultured with TPMs in the presence of OVAjy;.
139 peptide showed that HK-C60 treatment significantly increased
the percentage of IFN-y-producing CD4+ T cells compared with
the vehicle control treatment (Supplementary Fig. 2).

Thus, HK-C60 promoted antigen-specific effector CD4+ T cell
generation and activation through the upregulation of macrophage
activity.

HK-C60 diet augments the potential immunological activities of
macrophages

Finally, we investigated the possibility that the HK-C60 diet
influences the potential immunological activities of macrophages
under physiological conditions. TPMs were prepared from
mice fed the HK-C60 or control diet. The activities of the
TPMs were evaluated with LPS stimulation as well as antigen
presentation to CD4+ T cells (Fig. 4A). Under LPS stimulation,
cytokine productions were significantly increased in TPMs that
originated from HK-C60 diet mice as compared with those
that originated from control mice (Fig. 4 B-D). Furthermore,
the expression levels of CD80, CD86, and I-A/I-E were all
significantly upregulated in LPS-stimulated TPMs that originated
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Fig. 3. CD4+ T cell activities are enhanced through antigen presentation by macrophages in the presence of HK-C60.

A-E) HK-C60-mediated upregulation of effector CD4+ T cell generation and activation. Splenic CD4+ T cells were isolated from OT-1I mice by magnetic
sorting. The CD4+ T cells (2.0x10%/mL) were cultured with TPMs (1.0x107/mL) in the presence of OVA323-339 peptide (100 ng/mL). No-Ag (antigen)
indicates culture without OVA323-339. The cells were further treated with HK-C60 (5.0x10% CFU/mL) or the vehicle control and incubated at 37°C for
24 hr. After incubation, the percentage of [FN-y production and CD69 expression in CD4+ T cells were analyzed by flow cytometry. The cultured medium
was used for cytokine ELISA. A, B) Expression of CD69 in the CD4+ T cell population. A) Representative histogram of flow cytometry analysis for CD69
expression in CD4+ T cells. B) The MFI of CD69 in CD4+ T cells was calculated from the flow cytometry analysis. C, D) IFN-y production in CD4+ T
cells. C) Representative image of flow cytometry analysis for IFN-y+CD4+ T cells. D) The percentage of IFN-y+CD4+ T cells was calculated from the
flow cytometry analysis. E) IFN-y concentration in the cultured medium. IFN-y production and CD69 expression were detected in the CD3+CD4+ gate in
the flow cytometry analysis. The cumulative data are shown as the mean = SEM of five samples in two independent experiments. *p<0.05 and **p<0.001

were regarded as indicating significance, respectively.

from HK-C60 diet mice compared with those that originated
from control mice (Fig. 4E—G). However, the HK-C60 diet did
not influence the basal production of cytokines or expression of
surface molecules of the TPMs, respectively. Similar results were
obtained by using primary macrophages. The macrophages in the
spleen, liver, and colon LP of HK-C60 diet mice showed higher
levels of LPS stimulation-mediated TNF-a production compared
with those of control mice (Fig. 4H-J).

The antigen presentation assay showed that TPMs prepared
from HK-C60 diet mice significantly promoted the generation of
IFN-y+CD4+ T cells in an antigen-dependent manner compared
with the TPMs prepared from control diet mice (Fig. 4 K, L).

Thus, the HK-C60 diet induced a pre-activated status in
macrophages under physiological conditions, and this background
enhances the immunological responses against subsequent
exogenous stimuli in the macrophages.

DISCUSSION

It has been well proven that LAB modulate the activity
of immune cells and that this immunological modification
subsequently provides a beneficial effect on biological events
in our bodies [15, 16]. Some studies have focused on myeloid
lineage innate immune cells, represented as DCs, but the
evidence for probiotic LAB-related immunological activities in
macrophages is still insufficient [14-17, 24-29]. Therefore, we
decided to investigate the immunomodulatory effects of C60 in
macrophages.

We showed that HK-C60 enhanced the activity of TPMs,
which ultimately upregulated the generation of effector CD4+ T
cells (Figs. 1-3). We have previously reported that an HK-C60
diet promoted the immunological function of DCs and that this
effect eventually contributed to the upregulation of CD4+ T
cell function in the intestine of the mouse [17]. That report also
provided sufficient evidence indicating that HK-C60 promotes
the function of APCs, which directly upregulate CD4+ T cell-
based adaptive immunity. In this study, we mostly focused on
the antigen presentation activity of macrophages, which was
augmented by HK-C60 exposure. HK-C60-mediated upregulation
of cytokine production leads to the functional maturation of
macrophages (Fig. 1B-D). Notably, IL-12/IL-23p40 is reported
to promote the activity of APCs in an autocrine manner, as well
as to promote the differentiation of CD4+ T cells toward Th1 cells
[30, 31]. This functional enhancement might have induced the
upregulation of antigen-presenting and co-stimulatory molecules
on the macrophages (Fig. 2A, B). The HK-C60 treatment also
enhanced antigen uptake in the macrophages (Fig. 2C, D). It is
possible that these HK-C60-mediated functional upregulations
of the macrophages comprehensively contributed to promotion
of the generation and activation of effector CD4+ T cells in an
antigen-dependent manner (Fig. 3). These results suggest that
the HK-C60 diet positively influences the differentiation step
of macrophages and/or the characteristics of precursors, such as
monocytes and immature hematopoietic cells, that consequently
activate the activity of differentiated macrophages in the
peripheral [32]. These results imply that a crosstalk mechanism
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Fig. 4. The HK-C60 diet enhances differentiated macrophage activity, leading to CD4+ T cell activation in an antigen-dependent manner.

A) Experimental design for the HK-C60 diet and immune activation assays. The mice were first fed the control diet for 1 week (habituation) and then
received the HK-C60 or control diet for the next 2 weeks. TPMs were prepared from the mice in each group and used for each assay. Cytokine production
was analyzed in primary macrophages of the spleen, liver, and colon. B-D) Cytokine production in macrophages. TPMs (1.0x10%mL) were treated with
LPS (100 ng/mL) or the vehicle control (PBS) at 37°C for 24 hr, and then the concentrations of IL-6 (B), TNF-a (C), and IL-12/IL-23p40 (C) in the
cultured medium were measured by ELISA. E-G) Surface marker expression in macrophages. TPMs (1.0x10%/mL) were treated with LPS (100 ng/mL)
or the vehicle control (PBS) at 37°C for 6 hr, and then the expression levels of CD80 (E), CD86 (F), and I-A/I-E (G) were analyzed by flow cytometry.
H-J) Cytokine production in primary macrophages. The splenocytes, liver mononuclear cells, and colon LP cells were isolated from each mouse and
treated with LPS (100 ng/mL) or the vehicle control (PBS) at 37°C for 6 hr in the presence of GolgiStop™. The TNF-o, production in macrophages
was analyzed by flow cytometry. K, L) Antigen presentation assay for CD4+ T cells. TPMs (1.0x107/mL) were co-cultured with splenic CD4+ T cells
(2.0x10%mL, isolated from OT-II mice) in the presence of OVA323-339 peptide (100 ng/mL) at 37°C for 24 hr. K) Representative image of IFN-y+CD4+
T cells in flow cytometry analysis. L) Percentage of IFN-y+CD4+ T cells calculated in the flow cytometry analysis. In the flow cytometry analysis, CD80,
CD86, and I-A/I-E expression (E-G) and TNF-a production (H-J) were detected in the CD11b+F4/80+gate, and IFN-y production (K, L) was detected
in the CD3+CD4+gate. The cumulative data are shown as the mean + SEM of six samples in two independent experiments. *p<0.05 and **p<0.01 were
regarded as indicating significance, respectively. ns, not significant.

clearly exists between the intestinal and BM (bone marrow) cells via enhanced antigen presentation activity in the APCs. As
environments in the regulation of myeloid cell differentiation. a next step, we need to investigate the detailed mechanism of
In this mechanism, probiotic LAB-mediated modifications in ~ the HK-C60-mediated functional upregulation in the APCs. An
commensal bacteria may increase specific signals to the BM that ~ understanding of this will allow us to effectively and safely utilize
promote a dynamic functional alteration in myeloid cells during ~ HK-C60 as a supplement or food medicine for the maintenance
their differentiation. Therefore, we hypothesized that the HK-C60 of homeostasis and prevention of inflammation in the intestinal
diet could be a trigger to induce a modification in commensal  environment.

bacteria that ultimately contributes to the functional enhancement
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