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Abstract:  17 

 18 

Background 19 

Gut microbiota closely communicate in the immune system to maintain a balanced immune 20 

homeostasis in the gastrointestinal tract of the host. Oral administration of probiotics modulates 21 

gut microbiota composition. In the present study, we isolated Lactobacillus rhamnosus 22 

HDB1258, which induced tumor necrosis factor (TNF)-α and interleukin (IL)-10 expression in 23 

macrophages, from the feces of breastfeeding infants and examined how HDB1258 could 24 

regulate the homeostatic immune response in mice with or without lipopolysaccharide (LPS)-25 

induced systemic inflammation.  26 

 27 

Results 28 

Oral administration of HDB1258 significantly increased splenic NK cell cytotoxicity, 29 

peritoneal macrophage phagocytosis, splenic and colonic TNF-α expression, TNF-α to IL-10 30 

expression ratio, and fecal IgA level in control mice, while Th1 and Treg cell differentiation 31 

was not affected in the spleen. However, HDB1258 treatment significantly suppressed 32 

peritoneal macrophage phagocytosis and blood prostaglandin E2 level in mice with LPS-33 

induced systemic inflammation. Its treatment increased LPS-suppressed ratios of Treg to Th1 34 

cell population, Foxp3 to T-bet expression, and IL-10 to TNF-α expression. Oral administration 35 

of HDB1258 significantly decreased LPS-induced colon shortening, myeloperoxidase activity 36 

and NF-κB+/CD11c+ cell population in the colon, while the ratio of IL-10 to TNF-α expression 37 

increased. Moreover, HDB1258 treatment shifted gut microbiota composition in mice with and 38 

without LPS-induced systemic inflammation: it increased the Cyanobacteria and 39 

PAC000664_g (belonging to Bacteroidetes) populations and reduced Deferribacteres and 40 
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EU622763_s group (belonging to Bacteroidetes) populations. In particular, PAC001066_g and 41 

PAC001072_s populations were negatively correlated with the ratio of IL-10 to TNF-α 42 

expression in the colon, while the PAC001070_s group population was positively correlated.  43 

 44 

Conclusions  45 

Oral administered HDB1258 may enhance the immune response by activating innate immunity 46 

including to macrophage phagocytosis and NK cell cytotoxicity in the healthy host and 47 

suppress systemic inflammation in the host with inflammation by the modulation of gut 48 

microbiota and IL-10 to TNF-α expression ratio in immune cells.  49 

 50 

Keywords: Lactobacillus rhamnosus HDB1258; immunomodulation; immune enhancement; 51 

inflammation; gut microbiota. 52 

  53 
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Background 54 

 55 

Gut microbiota closely communicate in the immune system to maintain a balanced immune 56 

homeostasis in the gastrointestinal tract of the host [1,2]. The alteration of gut microbiota by 57 

exposure to gastrointestinal environmental factors such as stress, pathogens, and probiotics 58 

cause the immune system of the gastrointestinal tract to fluctuate [3]. This exposure stimulates 59 

the secretion of proinflammatory and anti-inflammatory cytokines such as tumor necrosis 60 

factor (TNF)-α and interleukin (IL)-10 in the immune cells, >70% of which are located in the 61 

gut [4,5]. These secreted cytokines regulate the immune system consisting of innate and 62 

adaptive immune systems. The activation of innate immune cells, which consist of phagocytic 63 

leukocytes and natural killer (NK) cells, by microbes stimulates the adaptive immune cells, 64 

which consist of T and B cells, through the regulation of cytokine expression [5,6]. The 65 

secretion of cytokines such as TNF-α and IL-10 in innate immune cells by the stimulation of 66 

pathogens promotes the differentiation of naïve T cells into effector T cells such as helper T 67 

(Th) and regulatory T (Treg) cells [7,8]. A wide imbalance between innate and adaptive 68 

immune systems, such as hyperimmunopotentiation and immunosuppression, is a high-risk 69 

factor for the outbreak of infectious diseases, chronic inflammation, autoimmunity, and cancers 70 

[9,10]. Therefore, regulating the immune response in the gut may be beneficial for the therapy 71 

of peripheral and systemic immune disorders.  72 

 73 

Probiotics including Lactobacilli, which are commonly found in fermented foods such as 74 

yogurt and kimchi and the gut microflora of humans and animals, exhibit the beneficial 75 

physiological activities including the protection from pathogen infection and modulation of the 76 

immune system via the gastrointestinal tract [11-13]. Lactobacillus reuteri alleviates 77 
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ampicillin- or lipopolysaccharide-induced colitis and gut dysbiosis [14,15]. TNF-α expression-78 

inhibiting Lactobacillus johnsonii significantly alleviates 2,4,6-trinitrobenzenesulfonic acid- 79 

or immobilization stress-generated gut inflammation and disruption in mice [15,16]. IL-6 80 

expression-inhibitory Lactobacillus reuteri NK33 alleviates immobilization stress-generated 81 

gut inflammation and dysbiosis in mice [17]. TNF-α expression-inhibitory Lactobacillus 82 

mucosae NK41 alleviates Escherichia coli-generated gut inflammation and dysbiosis in mice 83 

[18]. IL-10 expression-inducing Lactobacilli alleviate high-fat diet-generated gut inflammation 84 

and microbiota alteration in mice [19]. However, TNF-α express-inducing probiotics potentiate 85 

the immune response in mice [20]. These results suggest that probiotics are able to mitigate 86 

hyperresponsive and hyporesponsive immune responses. However, how probiotics can 87 

homeostatically regulate the immune responses remains unclear.  88 

 89 

Therefore, we selected a probiotic Lactobacillus rhamnosus HDB1258, which could induce 90 

TNF-α and IL-10 expression in macrophages, from bacterial strains isolated from the feces of 91 

breastfeeding infants and examined its effects on the innate and adaptive immune responses in 92 

the spleen and colon of mice with or without LPS-induced systemic inflammation. 93 

 94 

Results  95 

 96 

Effect of HDB1258 on the expression of TNF-α and IL-10 in vitro  97 

To determine whether HDB1258, which was isolated as a TNF-α expression-inducing probiotic 98 

in macrophage from the feces of breastfeeding infants, could modulate the homeostatic immune 99 

response, we first examined its effect on the expression of TNF-α and IL-10 in macrophages 100 

stimulated with or without LPS (Figure 1). HDB1258 significantly induced the expression of 101 
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TNF-α, IL-6, and IL-10 in macrophage cells. HDB1258 also increased the expression ratio of 102 

TNF-α to IL-10. However, HDB1258 suppressed the expression of TNF-α and IL-6 in LPS-103 

activated macrophages and did not affect the expression of IL-10. Furthermore, it increased the 104 

ratio of IL-10 to TNF-α expression in LPS-stimulated macrophages. HDB1258 was identified 105 

as Lactobacillus rhamnosus on the basis on the results of Gram staining, 16S rDNA sequencing 106 

(GenBank accession number MW193326), and API 50 CHL kit. 107 

 108 

HDB1258 potentiated the immune response including the innate and adaptive immune 109 

systems in mice  110 

Next, we examined the effect of HDB1258 and Saccharomyces cerevisiae (SC) β-glucan on 111 

the cytotoxicity of NK cell and phagocytosis of macrophages in mice (Figure 2). HDB1258 112 

significantly increased splenic NK cell cytotoxicity against YAC-1 tumor cells and peritoneal 113 

macrophage phagocytic activity against Candida albicans. Furthermore, oral gavage of 114 

HDB1258, but not SC β-glucan, increased the secretion of IgA into the feces. We also 115 

examined the effect of HDB1258 on the CD4+IFNγ+ (Th1) and CD4+CD25+Foxp3+ (Treg) cell 116 

differentiation and their transcription factor expression in the spleen of mice. Oral gavage of 117 

HDB1258 or SC β-glucan did affect Th1 and Treg cell differentiation and their transcription 118 

factor expression. It also increased significantly increased TNF-α expression. However, it did 119 

not significantly affect the expression of IL-10 in the spleen, assessed by qPCR. As a result, 120 

oral gavage of HDB1258, but not SC β-glucan, increased the ratio of TNF-α to IL-10 121 

expression in the spleen. 122 

Oral gavage of HDB1258 or SC β-glucan induced TNF-α, IL-1β, IL-6, and IL-10 expression 123 

in the in the colon (Figure 3). It increased myeloperoxidase activity and NF-kB+/CD11c+ cell 124 

population. In particular, it increased the ratio of TNF-α to IL-10 expression in the colon. 125 
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 126 

Effect of HDB1258 on gut microbiota composition in mice 127 

We examined whether the immunopotentiating effects of HDB1258 and SC β-glucan were 128 

associated with the composition of gut microbiota in mice (Figure 4). Oral gavage of HDB1258 129 

also modified the composition of gut microbiota in mice: it shifted β-diversity (principal 130 

coordinate analysis [PCoA]) while the α-diversity (operational taxonomic unit [OUT] richness) 131 

was not affected. HDB1258 treatment also increased the Cyanobacteria and Tenericutes 132 

populations and reduced the Firmicutes and Deferribacteres populations at the phylum level. It 133 

also increased the Bacteroidaceae and FR888536_f (belonging to cyanobacteria) populations 134 

at the family level, PAC000664_g (belonging to Firmicutes), Paraprevotella, 135 

Muribaculaceae_uc populations at the genus level, and AB606242_s (belonging to Fimicutes), 136 

PAC001072_s (belonging to Bacteroidetes), and FJ880724_s (belonging to Bacteroidetes) 137 

population at the species level and reduced the Heliobacteriaceae, Deferribacteriaceae, and 138 

Coribacteriaceae populations at the family level, Prevotellaceae_uc, LLKB_g (belonging to 139 

Firmicutes), and Eubacterium_g6 populations at the genus level, and EU505186_s (belonging 140 

to Bacteroidetes) and AB626939_s (belonging to Firmicutes) populations at the species level. 141 

To determine whether gut microbiota are related to the immunopotentiating effects of 142 

HDB1258, we analyzed the correlation between the ratio of TNF-α to IL-10 expression and 143 

gut microbiota in mice treated with and without HDB1258. Mycoplasmataceae (R=0.371, 144 

p=0.052), PAC001066_g (R=0.530, p=0.069), PAC001765_g (R=0.585, p=0.002), 145 

Mycoplasma_g10 (R=0.364, p=0.055), PAC001072_s (R=0.055, p=0.002), PAC001076_s 146 

(R=0.604, p<0.001), PAC002476_s (R=0.382, p=0.045), PAC002451_s (R=0.654, p<0.001), 147 

PAC000198_g_uc (R=0.402, p=0.034), and PAC002480_s (R=0.500, p=0.007) populations 148 

showed a positive correlation with the ratio of TNF-α to IL-10 expression in the colon. 149 
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Frisingicoccus (R= -0.472, p=0.018), PAC002462_g (R=0.-0.392, p=0.049), PAC001236_g 150 

(R= -0.360, p=0.051), PAC001070_s group (R= -0.355, p=0.064) populations showed a 151 

negative correlation with the ratio of TNF-α to IL-10 expression in the colon. PAC001765_g 152 

(R=0.364, p=0.057), PAC001127_g (R=0.342, p=0.075), PAC001072_s (R=0.498, p=0.007), 153 

PAC001084_s (R=0.322, p=0.095), PAC001076_s (R=0.385, p=0.043), PAC002451_s 154 

(R=0.454, p=0.015), PAC001081_s group (R=0.380, p=0.046), PAC001114_s (R=0.453, 155 

p=0.015), PAC001095_s (R=0.409, p=0.031), PAC001113_s (R=0.448, p=0.017), and 156 

PAC002480_s (R=0.383, p=0.044) populations showed a positive correlation with the ratio of 157 

TNF-α to IL-10 expression in the spleen. Frisingicoccus (R= -0.368, p=0.054), PAC000197_g 158 

(R= -0.303, p=0.118), PAC001236_g (R= -0.327, p=0.090) populations showed a negative 159 

correlation with the ratio of TNF-α to IL-10 expression in the spleen. 160 

 161 

HDB1258 alleviated LPS-induced inflammation in mice 162 

Next, we examined the effect of HDB1258 on the cytotoxicity of NK cell and phagocytosis of 163 

macrophages in LPS-stimulated mice (Figure 4). Intraperitoneal injection of LPS significantly 164 

increased NK cell cytotoxicity against YAC-1 tumor cells and peritoneal macrophage 165 

phagocytic activity against Candida albicans. However, HDB1258 significantly suppressed 166 

LPS-induced NK cell cytotoxicity and macrophage phagocytosis. Furthermore, HDB1258 167 

treatment suppressed the LPS-induced PGE2 level. Next, we examined the effect of HDB1258 168 

on LPS-induced systemic inflammation in mice (Figure 5). Intraperitoneal injection of LPS 169 

significantly suppressed the CD4+CD25+Foxp3+ (Treg) cell population in the spleen, while the 170 

CD4+IFNγ+ (Th1) cell population was not affected. Nevertheless, LPS treatment suppressed 171 

the ratio of CD4+CD25+Foxp3+ to CD4+IFNγ+ cell population. Oral gavage of HDB1258 did 172 

not significantly affect the Th1 and Treg cell populations. However, HDB1258 treatment 173 
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increased the LPS-suppressed ratio of Treg to Th1 cell population. LPS treatment increased the 174 

expression of Th1 transcription factor T-bet in the spleen while the expression of Treg cell 175 

transcription factor Foxp3 was weakly, but not significantly, suppressed. As a result, its 176 

treatment suppressed the ratio of Foxp3 to T-bet expression. Oral gavage of HDB1258 177 

significantly reduced LPS-induced T-bet expression, while the Foxp3 expression was not 178 

affected. As a result, HDB1258 treatment increased the LPS-suppressed ratio of Treg to Th1 179 

cell population. LPS treatment increased the TNF-α expression, while IL-10 expression 180 

decreased. Moreover, its treatment suppressed the ratio of IL-10 to TNF-α expression. Oral 181 

gavage of HDB1258 significantly suppressed LPS-induced TNF-α expression and induced 182 

LPS-suppressed IL-10 expression. As a result, HDB1258 treatment increased the LPS-183 

suppressed ratio of IL-10 to TNF-α expression. 184 

Furthermore, we examined the effect of HDB1258 on the colitis in mice with LPS-induced 185 

systemic inflammation (Figure 6). Intraperitoneal injection of LPS induced colitis: it induced 186 

colon shortening, IL-1β, IL-6, and TNF-α expression and suppressed IL-10 expression in the 187 

colon. In particular, LPS treatment increased the TNF-α to IL-10 expression ratio and NF-188 

kB+CD11c+ cell population in the colon. However, oral gavage of HDB1258 significantly 189 

inhibited LPS-induced colon shortening and myeloperoxidase activity and NF-κB+/CD11c+ 190 

cell population. Furthermore, its treatment increased the ratio of IL-10 to TNF-α expression in 191 

the colon. 192 

 193 

HDB1258 partially modified LPS-disturbed gut microbiota composition in mice 194 

Next, we examined whether the anti-inflammatory effects of HDB1258 were associated with 195 

the gut microbiota composition in mice (Figure 7). Exposure to LPS also caused gut microbiota 196 

alteration in mice: it shifted β-diversity (PCoA) while the α-diversity (OTU richness) was not 197 
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affected. Furthermore, it increased cyanobacteria population and reduced the Tenericutes, 198 

Verrucomicrobia, and Deferribacteres populations. Oral gavage of HDB1258 changed LPS-199 

shifted β-diversity in the gut microbiota, while the α-diversity was weakly, but not significantly, 200 

affected. HDB1258 treatment also increased LPS-suppressed Tenericutes, Verrucomicrobia, 201 

and Deferribacteres populations at the phylum level, Lachnospiraceae, Rikenellaceae, 202 

Helicobacteriaceae, Akkermansiaceae, Odoribacteriaceae, and Deferribacteraceae populations 203 

at the family level, KE159538_g (belonging to Firmicutes), PAC000664_g (belonging to 204 

Bacteroidetes), and Muribaculum populations at the genus level, and PAC001696_s 205 

(Firmicutes), PAC001120_s (belonging to Firmicutes), and PAC001077_s (belonging to 206 

Bacteroidetes) populations at the species level and reduced LPS-induced Erysipelotrichaceae 207 

population at the family level, Ruminococcus population at the genus level, and EU622763_s 208 

group (belonging to Bacteroidetes) population at the species level. To determine whether gut 209 

microbiota are related to the anti-inflammatory effect of HDB1258, we analyzed the correlation 210 

between the ratio of IL-10 to TNF-α expression and gut microbiota in mice with LPS-induced 211 

systemic inflammation. Rikenellaceae (R=0.507, p=0.059), Lactobacillus (R=0.462, p=0.014), 212 

Eubacterium_g23 (R=0.495, p=0.007), PAC001070_s group (R=0.418, p=0.027), 213 

Lactobacillus murinus group (R=0.449, p=0.017), Lactobacillus reuteri group (R=0.412, 214 

p=0.029), PAC001982_s (R=0.434, p=0.021), PAC000661_g_uc (R=0.632, p<0.001) 215 

populations showed a positive correlation with the ratio of IL-10 to TNF-α expression in the 216 

colon. Erysipelotrichaceae (R= -0.517, p=0.005), Sutterellaceae (R= -0.478, p=0.010), 217 

Prevotellaceae_uc (R= -0.389, p=0.041), PAC001066_g (R= -0.457, p=0.015), PAC001072_s 218 

(R= -0.362, p=0.059), PAC001066_s (R= -0.475, p=0.011), PAC002478_s (R= -0.488, 219 

p=0.009), PAC001756_s (R= -0.614, p<0.001) populations showed a negative correlation with 220 

the ratio of IL-10 to TNF-α expression in the colon. Rikenellaceae (R=0.434, p=0.021), 221 
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Odoribacteraceae (R=0.406, p=0.032), PAC000661_g (R=0.394, p=0.038), Allobaculum 222 

(R=0.561, p=0.002), Faecalibaculum (R=0.556, p=0.002), Bacteroides acidifaciens group 223 

(R=0.412, p=0.029), PAC001081_s group (R=0.420, p=0.026), and FJ880578_s (R=0.537, 224 

p=0.003) populations showed a positive correlation with the ratio of IL-10 to TNF-α expression 225 

in the spleen. Erysipelotrichaceae (R= -0.510, p=0.006), Sutterellaceae (R= -0.510, p=0.006), 226 

Bifidobacteriaceae (R= -0.489, p=0.008), Muribaculum (R= -0.410, p=0.031), PAC001127_g 227 

(R=0.458, p=0.014), PAC001084_s (R= -0.388, p=0.042), and PAC001756_s (R= -0.531, 228 

p=0.004) populations showed a negative correlation with the ratio of IL-10 to TNF-α 229 

expression in the spleen. 230 

 231 

Discussion 232 

 233 

The immune system consists of innate and adaptive immune systems that cooperatively protect 234 

the body from pathogenic microbes and toxins [10,21]. The attack of pathogenic microbes and 235 

toxins activates innate immune cells such as macrophages, dendritic cells, and NK cells, which 236 

secrete interferon (IFN)-γ, TNF-α, IL-1β, IL-6, and IL-10 [4,22]. These cytokines stimulate 237 

adaptive immune cells such as T cells, resulting in the differentiation of naïve T cells into Th1, 238 

Th2, Th17, and Treg cells [4,28,29]. The immunosuppression of host immune systems by 239 

stressors such as anticancer therapy cannot defend against pathogens and tumor progression. 240 

The hyperimmune responsiveness of host immune systems by pathogens, toxins, and allergens 241 

such as LPS excessively causes hypersensitivity including chronic inflammation through the 242 

activation of antigen-presenting cells and Th1/Treg cells [8,23]. A wide imbalance in innate 243 

and adaptive immune systems perturbs gut microbiota, which can affect host systemic immune 244 

system through the regulation of the gut immune system [1,3,24]. Therefore, maintaining a 245 
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delicate balance in the immune system by protecting against infection by pathogens and toxins 246 

is important for the body’s health. 247 

In the present study, we found that oral administration of HDB1258, a novel probiotic isolated 248 

from healthy infant feces, significantly induced NK cell cytotoxicity against YAC-1 tumor 249 

cells, TNF-α to IL-10 expression ratio in the spleen, and TNF-α, IL-1β, and IL-6 expression in 250 

the colon, and peritoneal macrophage phagocytosis against Candida albicans. Furthermore, 251 

HDB1258 increased the secretion of IgA into the feces, which serves as the first line of defense 252 

in protecting the gastrointestinal tract from pathogens and their toxins [25,26]. However, it did 253 

not affect the differentiation of Th1 and Treg cells and expression of their transcription factors 254 

T-bet and Foxp3. These results suggest that HDB1258 may enhance the immune response by 255 

activating innate immunity including macrophage phagocytosis and NK cell cytotoxicity, not 256 

adaptive immunity, in a healthy host.  257 

The intraperitoneal injection of LPS caused systemic inflammation: it induced the phagocytosis 258 

of peritoneal macrophages against Candida albicans, while the ratios of Treg to Th1 cell 259 

differentiation and Foxp3 to T-bet expression and IL-10 to TNF-α expression in the spleen and 260 

colon were suppressed. However, oral administration of HDB1258 increased the differentiation 261 

of Treg cells, not Th1 cells, while macrophage phagocytosis decreased. Furthermore, 262 

HDB1258 treatment significantly suppressed T-bet and TNF-α expression and induced the 263 

expression of IL-10 in the spleen, resulting in an increase in the ratios of Foxp3 to T-bet and 264 

IL-10 to TNF-α expression. Oral administration of HD1258 also suppressed LPS-induced 265 

colon shortening, myeloperoxidase activity, TNF-α, IL-1β, and IL-6 expression in the colon, 266 

while IL-10 expression increased. Furthermore, it increased the LPS-suppressed ratio of IL-10 267 

to TNF-α expression. Villena et al. reported that Lactobacillus rhamnosus suppressed the 268 

immune response by regulating the expression of IL-10, an anti-inflammatory cytokine [27]. 269 
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Nigar et al. reported that Lactobacillus rhamnosus potentiated the immune response by 270 

inducing the expression of IL-6 [28]. These results suggest that HDB1258 can suppress 271 

systemic inflammation including colitis by increasing the expression ratio of anti-inflammatory 272 

cytokines such as IL-10 to proinflammatory cytokines such as TNF-α.  273 

In addition, Zhang et al. reported that Lactobacillus rhamnosus GG suppressed allergic airway 274 

inflammation in mice by inducing the Treg cell population, which was closely associated with 275 

gut microbiota composition [29]. Wang et al. reported that Lactobacillus rhamnosus GG 276 

enhanced TNF-α, IL-6, and IL-10 expression in gnotobiotic pigs vaccinated with an oral 277 

attenuated human rotavirus vaccine [30]. They suggested that Lactobacillus rhamnosus GG 278 

may regulate the homeostatic immune response by the modulation of gut microbiota. In the 279 

present study, we found that Lactobacillus rhamnosus enhanced the immune response in the 280 

healthy host by activating innate immune cells and suppressed the inflammatory response in 281 

the host with LPS-induced systemic inflammation by regulating innate and adaptive immune 282 

cells through the ratio of IL-10 to TNF-α expression. Moreover, oral administration of 283 

HDB1258 modified gut microbiota in mice with and without systemic inflammation. 284 

HDB1258 treatment also increased the Cyanobacteria and PAC000664_g (belonging to 285 

Bacteroidetes) populations and reduced Deferribacteres and EU622763_s group (belonging to 286 

Bacteroidetes) populations in mice with or without LPS-induced systemic inflammation. In 287 

particular, PAC001066_g and PAC001072_s populations showed a negative correlation with 288 

the ratio of IL-10 to TNF-α expression in the colon. PAC001070_s group population showed 289 

a positive correlation with the ratio of IL-10 to TNF-α expression in the colon of mice with or 290 

without LPS-induced systemic inflammation. PAC001127_g, and PAC001084_s, and 291 

PAC001756_s populations showed a negative correlation with the ratio of IL-10 to TNF-α 292 

expression in the spleen of mice with or without LPS-induced systemic inflammation. These 293 
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results suggest that HDB1258 may regulate the immune system including gut immune response 294 

by modulating the microbiota composition. 295 

 296 

Conclusions 297 

 298 

HDB1258 may enhance the immune response by activating innate immunity including to 299 

macrophage phagocytosis and NK cell cytotoxicity, not the adaptive immunity, in the healthy 300 

host. HDB1258 can suppress systemic inflammation by increasing the expression ratio of anti-301 

inflammatory cytokines such as IL-10 to proinflammatory cytokines such as TNF-α. HDB1258 302 

may regulate the immune system including gut immune response by modulating the microbiota 303 

composition. Finally, HDB1258 may enforce the maintenance of a balanced immune response 304 

by the modulation of gut microbiota and IL-10 to TNF-α expression ratio in the immune cells.  305 

 306 

Materials and Methods  307 

 308 

Materials 309 

 310 

Sodium thioglycolate, 4′,6-diamidino-2-phenylindole, dilactate (DAPI), and RPMI 1640 were 311 

purchased from Sigma (St. Louis, MO). Enzyme-linked immunosorbent assay (ELISA) kits for 312 

IL-1β, IL-6, IL-10, and TNF-α were purchased from eBioscience (San Diego, CA). Antibodies 313 

were purchased from Cell Signaling Technology (Beverly, MA). CD4 T and NK cell isolation 314 

kits were purchased from Miltenyi Biotec (Teterow, Germany). A Vybrant CFDA SE Cell 315 

Tracer kit was purchased from Invitrogen (Grand Island, NY). A QIAamp DNA stool mini kit 316 

was purchased from Qiagen (Hiden, Germany). 317 
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 318 

Culture of Lactobacillus rhamnosus HDB1258 319 

Lactobacillus rhamnosus HDB1258 (named SKB1258 in the previous report) was inoculated 320 

into lava-seawater LAB media containing 8% glucose, 2% yeast extract, 0.5% soy peptone, 321 

0.5% sodium acetate, 0.1% Tween 80, 0.01% MgSO4, 0.005% MnSO4, 0.2% potassium 322 

diphosphate, and 0.2% ammonium sulfate in 30% (v/v) lava-seawater (pH 6.5), incubated at 323 

37℃for 20 h, and centrifuged (5,000 g, 30 min) [31]. The resulting precipitate was mixed with 324 

hydroxypropyl methylcellulose and trehalose and freeze-dried. For the in vitro and in vivo 325 

experiments, it was suspended in saline. 326 

 327 

Animals  328 

C57BL/6 mice (male, 5 weeks old, 19 ~ 21 g) were supplied from Orient Bio (Seongnam-shi, 329 

Korea) and acclimatized for 7 days before the usage of experiments. All animals were 330 

maintained in the plastic cage with the 5 cm-raised wire floor under standard conditions 331 

(temperature, 20 ± 2°C; humidity, 50 ± 10%, and lighting, 12 h/day). All mice were fed 332 

standard laboratory chow and tap water ad libitum. Animal experiments were conducted 333 

according to the NIH and University Guide for Laboratory Animal Care and Usage.  334 

 335 

Isolation and culture of macrophages 336 

Macrophages, which were isolated from the peritoneal cavity of mice intraperitoneally injected 337 

with sodium thioglycolate according to the method of Jang et al. [17], were suspended in RPMI 338 

1640 containing 10% fetal bovine serum and 1% antibiotics (RFA), seeded in 6-well plate, 339 

incubated at 37°C for a day, and washed with RFA, as previously reported [14]. For the assay 340 
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of IL-10 and TNF-α expression, macrophages were treated with LPS (80 ng/mL) in the 341 

presence or absence of HDB1258 (1 × 105 CFU/mL) for 20 h [17].  342 

 343 

Treatment with HDB1258, a probiotic, in mice with or without LPS-induced systemic 344 

inflammation 345 

To examine the immunomodulating effect of HDB1258, it was orally gavaged in mice with or 346 

without LPS-induced systemic inflammation. Normal control mice were orally gavaged with 347 

vehicle (saline) instead of HDB1258. Each group consisted of 7 mice. First, HDB1258 (LL, 348 

1×108 CFU/mouse/day; LH, 1×109 CFU/mouse/day) or SC β-glucan (50 mg/kg/day) was orally 349 

gavaged in control mice once a day for 14 days. Second, LPS (10 μg/mL, dissolved in 0.1 mL 350 

of saline) was intraperitoneally injected in mice once a day for 10 days according to the method 351 

of Jang et al. [15] and HDB1258 (LL, 1×108 CFU/mouse/day; LH, 1×109 CFU/mouse/day) was 352 

orally gavaged once a day for 14 days from next day after the final treatment with LPS. Mice 353 

were sacrificed 20 h after the final treatment with test agents by CO2 inhalation. 354 

 355 

Flow cytometric analysis of Th1 and Treg cells in the spleen 356 

For the flow cytometric analysis of Th1 and Treg cells in the spleen, spleens were removed 357 

from mice, crushed, lysed with Tris-buffered ammonium chloride, suspended in RPMI 1640 358 

medium, and then filtered. The CD4 T cells were isolated from the filtrates using a Pan T cell 359 

Isolation Kit II [32]. Isolated T cells were fixed and stained with anti-IFNγ or anti-Foxp3 360 

antibodies and then analyzed by a flow cytometer. 361 

 362 

Preparation of natural killer from splenocytes and its cytotoxicity assays 363 
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For the cytotoxic activity assay of splenic natural killer (NK) cells, NK cells were isolated from 364 

splenocytes prepared from the spleen of mice by using a NK cell isolation kit, as described 365 

previously [23]. The tumoricidal activity of the NK cells was evaluated by measuring the 366 

cytotoxicity against YAC-1 cells labeled with a Vybrant CFDA SE Cell Tracer kit according 367 

to the manufacturer’s protocol. NK cells (5×105 per well) in the 96-well microplates were 368 

cultured with YAC-1 cells (5×105 per well) for 24 h. The cells were washed and stained with 369 

propodium iodide and analyzed by a flow cytometer, as reported previously [33].  370 

 371 

Phagocytosis assay of peritoneal macrophages 372 

Peritoneal macrophages were prepared as described previously [15]. Macrophage cells (1×106 373 

cell/well) was incubated with Candida albicans (1×104 CFU/well, purchased from Korean 374 

Culture Center of Microorganisms (Seoul, Korea) in the 24-well microplates with complete 375 

RPMI 1640 medium and cultured for 24 h. The cultured supernatant (0.2 mL) was inoculated 376 

in Sabouraud dextrose agar for 24 h at 30°C. The phagocytic activity (%) was indicated as [1-377 

(the number of C. albicans colonies grown in SDA per the number of Candida albicans initially 378 

incubated with macrophages)] x 100. 379 

 380 

Assay of myeloperoxidase activity 381 

Myeloperoxidase activity was assayed according to the method of Jang et al. [15]. Colons were 382 

homogenized with cold RIPA lysis buffer and centrifuged at 10,000 g for 10 min. The 383 

supernatant was used as a crude enzyme solution. An aliquot (0.05 mL) of the supernatant was 384 

added in the reaction mixture (0.95 mL) containing 0.03% hydrogen peroxide and 1.6 mM 385 

tetramethylbenzidine. The absorbance at 650 nm time was monitored over 5 min. Activity was 386 

defined as the quantity degrading 1 μmol/mL of peroxide. 387 
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 388 

Quantitative real time-polymerase chain reaction (qPCR) 389 

Genomic RNA (2 μg) was isolated from the spleen of mice. The qPCR for TNF-α, IL-10, T-390 

bet, Foxp3, and β-actin was performed utilizing Takara thermal cycler, which used SYBER 391 

premix agents: activation of DNA polymerase at 95°C for 5 min and 45 cycles of amplification 392 

at 95°C for 10 s and at 60°C for 30 s [34]. The normalized expression of the assayed genes 393 

(TNF-α, IL-10, Foxp3, T-bet, and β-actin: their primers are described in Table S1), with respect 394 

to β-actin, was computed for all samples by using the Microsoft Excel data spreadsheet. 395 

 396 

ELISA 397 

Colon tissues were lysed with ice-cold lysis RIPA buffer containing 50 mM Tris–HCl (pH 8.0), 398 

150 mM sodium chloride, 1.0% Igepal CA-63, 0.5% sodium deoxycholate, 0.1% sodium 399 

dodecyl sulfate (SDS), 1% phosphatase inhibitor cocktail and 1% protease inhibitor cocktail 400 

and were centrifuged (10,000 g, 4°C, and 10 min) [17]. For the assay of cytokines, colon 401 

homogenate supernatants were transferred in 96-well plate and assayed using ELISA Kits. 402 

 403 

Immunofluorescence assay 404 

Immunofluorescence assay was performed according to the method of Kim et al. [18]. Briefly, 405 

the colon section was washed with phosphate-buffered saline, incubated with antibodies for 406 

TNF-α (1:200) antibody overnight, and treated with the secondary antibody for 2 h. A 407 

secondary antibody conjugated with Alexa Fluor 488 (1:200) was incubated to visualize. 408 

Nuclei were stained with DAPI.  409 

 410 

16S rRNA gene pyrosequencing  411 



19 

 

The bacterial genomic DNA was extracted for the fresh feces of mice using a QIAamp DNA 412 

stool mini kit according to Kim et al. [18]. The genomic DNA was amplified using barcoded 413 

primers targeted the bacterial 16S rRNA V4 region gene. Each amplicon was sequenced using 414 

Illumina iSeq 100 (San Diego, CA). Functional genes was predicted using the phylogenetic 415 

investigation of communities by reconstruction of unobserved states (PICRUSt) [18,35]. 416 

Linear discriminant analysis (LDA) and cladograms were pictured using the LDA effect size 417 

(LefSe) on Galaxy platform (https://huttenhower.sph.harvard.edu/galaxy/) [36].  418 

 419 

Statistical analysis  420 

All data are indicated as the means ± standard deviation (SD) and conducted GraphPad Prism 421 

8 (GraphPad Software, Inc., San Diego, CA, USA). The significance was analyzed by 422 

Kruskal-Wallis test with Dunn's post-hoc test for non-parametric analysis (p < 0.05). 423 

 424 

 425 

Supplementary information  426 

Additional file 1 is available. It contains the following Tables and Figures. Table S1. Primer 427 

sequences used in the present study. Table S2. Effect of HDB1258 on the gut microbiota 428 

composition at the family level in mice. Table S3. Effect of HDB1258 on the gut microbiota 429 

composition at the genus level in mice. Table S4. Effect of HDB1258 on the gut microbiota 430 

composition at the species level in mice. Table S5. Effect of HDB1258 on the gut microbiota 431 

composition at the family level in mice with LPS-induced systemic inflammation. Table S6. 432 

Effect of HDB1258 on the gut microbiota composition at the genus level in mice with LPS-433 

induced systemic inflammation. Table S7. Effect of HDB1258 on the gut microbiota 434 

composition at the species level in mice with LPS-induced systemic inflammation. Figure S1. 435 



20 

 

The correlation between gut microbiota (at the species level) and ratio of TNF-α to IL-10 436 

expression in the healthy mice. Figure S2. The correlation between gut microbiota (at the 437 

species level) and ratio of TNF-α to IL-10 expression in mice with LPS-induced systemic 438 

inflammation. 439 
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Figure Legends 587 

 588 

Figure 1. Effect of HDB1258 on the expression of proinflammatory cytokines in macrophages 589 

stimulated with or without LPS. (A) Effect on TNF-α (a), IL-6 (b), and IL-10 expression (c) 590 

and ratio of TNF-α to IL-10 expression (d) in macrophage cells. (B) Effect on TNF-α (a), IL-6 591 

(b), and IL-10 expression (c) and ratio of TNF-α to IL-10 expression (d) in LPS-stimulated 592 

macrophage cells. Macrophage cells (1 × 106/mL) isolated from peritoneal cavity were 593 

incubated with HDB1258 (LL, 1 × 104 CFU/mL; LH, 1 × 105 CFU/mL) in the absence or 594 

presence of LPS. Normal control group (CON) was treated with saline instead of LPS. Data 595 

values were described as mean ± SD (n = 4). #p < 0.05 vs. CON. *p < 0.05 vs. group treated 596 

with LPS alone. 597 

 598 

Figure 2. Effect of HDB1258 and Saccharomyces cerevisiae (SC) β-glucan on splenic NK cell 599 

cytotoxicity, peritoneal macrophage phagocytosis, fecal IgA level, splenic Th1 and Treg cell 600 

differentiation, splenic T-bet, Foxp3, TNF-α, and IL-10 expression in mice. (A) Effects on 601 

splenic NK cell cytotoxicity (a), peritoneal macrophage phagocytosis (b), and fecal IgA level 602 

(c). (B) Effects on the differentiation of Th1 (a) and Treg cells (b) and ratio of Th1 to Treg cells 603 

(c). Effects on the expression of T cell transcription factors T-bet (a) and Foxp3 (b) and ratio 604 

of T-bet to Foxp3 expression (c). Effects on the expression of TNF-α (a) and IL-10 (b) and 605 

ratio of TNF-α to IL-10 expression. HDB1258 (LL, 1×108 CFU/mouse/day and LH, 1×109 606 

CFU/mouse/day) or SC β-glucan (SCG, 50 mg/kg/day) was orally gavaged daily for 14 days. 607 

Normal control mice (CON) were treated with vehicle (saline) instead of test agents. Data 608 

values were described as mean ± SD (n = 6). *p < 0.05 vs. CON.  609 

 610 
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Figure 3. Effect of HDB1258 and SC β-glucan on the TNF-α (a), IL-10 (b), IL-6 (c), and IL-611 

1β expression (d), ratio of TNF-α to IL-10 expression (e), and NF-κB+CD11c+ cell population 612 

(f) in the colon of mice. HDB1258 (LL, 1×108 CFU/mouse/day and LH, 1×109 CFU/mouse/day) 613 

or SC β-glucan (SCG, 50 mg/kg/day) was orally gavaged daily for 14 days. Normal control 614 

mice (CON) were treated with vehicle (saline) instead of test agents. Data values were 615 

described as mean ± SD (n = 6). Means with same letters are not significantly different (p < 616 

0.05). 617 

 618 

Figure 4. Effect of HDB1258 and SC β-glucan on the gut microbiota composition in mice. (A) 619 

Effects on α-diversity (OUT richness). (B) Effects on β-diversity. (C) Effects on the gut 620 

bacteria composition at the phylum level. (D) The correlation between gut microbiota (at the 621 

family and genus levels) and ratio of TNF-α to IL-10 expression in the colon. (E) The 622 

correlation between gut microbiota (at the family and genus levels) and TNF-α to IL-10 623 

expression ratio in the spleen. HDB1258 (LL, 1×108 CFU/mouse/day and LH, 1×109 624 

CFU/mouse/day) or SC β-glucan (SCG, 50 mg/kg/day) was orally gavaged daily for 14 days. 625 

Normal control group (CON) was treated with saline instead of test agents. Data values were 626 

described as mean ± SD (n = 6). *p < 0.05 vs. CON.  627 

 628 

Figure 5. Effect of HDB1258 on splenic NK cell cytotoxicity, peritoneal macrophage 629 

phagocytosis, blood PGE2 level, splenic Th1 and Treg cell differentiation, splenic T-bet, Foxp3, 630 

TNF-α, and IL-10 expression in mice with LPS-induced systemic inflammation. (A) Effects 631 

on splenic NK cell cytotoxicity (a), peritoneal macrophage phagocytosis (b), and blood PGE2 632 

level (c). (B) Effects on the differentiation of Th1 (a) and Treg cells (b) and ratio of Th1 to 633 

Treg cells (c). Effects on the expression of T cell transcription factors T-bet (a) and Foxp3 (b) 634 
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and ratio of T-bet to Foxp3 expression (c). Effects on the expression of TNF-α (a) and IL-10 635 

(b) and ratio of TNF-α to IL-10 expression. Mice was interaperitoneally injected with LPS (10 636 

μg/kg/day) for 10 days. HDB1258 (LPS, vehicle; LL, 1×108 CFU/mouse/day and LH, 1×109 637 

CFU/mouse/day) was orally gavaged daily for 14 days from the final injection of LPS. Normal 638 

control mice (CON) were treated with saline instead of LPS and test agents. Data values were 639 

described as mean ± SD (n = 6). #p < 0.05 vs. CON. *p < 0.05 vs. group treated with LPS alone. 640 

 641 

Figure 6. Effect of HDB1258 on the LPS-induced colitis in mice with LPS-induced systemic 642 

inflammation. on the colon length (a), myeloperoxidase (MPO) activity (b), IL-1β (c), IL-6 643 

(d), TNF-α (e), and IL-10 expression (f), ratio of IL-10 to TNF-α expression (g), and NF-644 

κB+CD11c+ cell population (h). Mice was intraperitoneally injected with LPS (10 μg/kg/day) 645 

for 10 days. HDB1258 (LPS, vehicle; LL, 1×108 CFU/mouse/day and LH, 1×109 646 

CFU/mouse/day) was orally gavaged daily for 14 days from the final injection of LPS. 647 

Normal control mice (CON) were treated with saline instead of LPS and test agents. Data 648 

values were described as mean ± SD (n = 6). #p < 0.05 vs. CON. *p < 0.05 vs. group treated 649 

with LPS alone. 650 

 651 

Figure 7. Effect of HDB1258 on the composition of gut microbiota in mice with LPS-652 

induced systemic inflammation. (A) Effects on α-diversity (OUT richness). (B) Effects on β-653 

diversity. (C) Effects on the gut bacteria composition at the phylum level. (D) The correlation 654 

between gut microbiota (at the family and genus levels) and ratio of IL-10 to TNF-α 655 

expression in the colon. (E) The correlation between gut microbiota (at the family and genus 656 

levels) and ratio of IL-10 to TNF-α expression in the spleen. Mice was intraperitoneally 657 

injected with LPS (10 μg/kg/day) for 10 days. HDB1258 (LPS, vehicle; LL, 1×108 658 
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CFU/mouse/day and LH, 1×109 CFU/mouse/day) was orally gavaged daily for 14 days from 659 

the final injection of LPS. Normal control mice (CON) were treated with vehicle (saline) 660 

instead of LPS and test agents. Data values were described as mean ± SD (n = 6). #p < 0.05 661 

vs. CON. *p < 0.05 vs. group treated with LPS alone. 662 

 663 



Figures

Figure 1

Effect of HDB1258 on the expression of proin�ammatory cytokines in macrophages stimulated with or
without LPS. (A) Effect on TNF-α (a), IL-6 (b), and IL-10 expression (c) and ratio of TNF-α to IL-10
expression (d) in macrophage cells. (B) Effect on TNF-α (a), IL-6 (b), and IL-10 expression (c) and ratio of



TNF-α to IL-10 expression (d) in LPS-stimulated macrophage cells. Macrophage cells (1 × 106/mL)
isolated from peritoneal cavity were incubated with HDB1258 (LL, 1 × 104 CFU/mL; LH, 1 × 105 CFU/mL)
in the absence or presence of LPS. Normal control group (CON) was treated with saline instead of LPS.
Data values were described as mean ± SD (n = 4). #p < 0.05 vs. CON. *p < 0.05 vs. group treated with LPS
alone.

Figure 2



Effect of HDB1258 and Saccharomyces cerevisiae (SC) β-glucan on splenic NK cell cytotoxicity,
peritoneal macrophage phagocytosis, fecal IgA level, splenic Th1 and Treg cell differentiation, splenic T-
bet, Foxp3, TNF-α, and IL-10 expression in mice. (A) Effects on splenic NK cell cytotoxicity (a), peritoneal
macrophage phagocytosis (b), and fecal IgA level (c). (B) Effects on the differentiation of Th1 (a) and
Treg cells (b) and ratio of Th1 to Treg cells (c). Effects on the expression of T cell transcription factors T-
bet (a) and Foxp3 (b) and ratio of T-bet to Foxp3 expression (c). Effects on the expression of TNF-α (a)
and IL-10 (b) and ratio of TNF-α to IL-10 expression. HDB1258 (LL, 1×108 CFU/mouse/day and LH,
1×109 CFU/mouse/day) or SC β-glucan (SCG, 50 mg/kg/day) was orally gavaged daily for 14 days.
Normal control mice (CON) were treated with vehicle (saline) instead of test agents. Data values were
described as mean ± SD (n = 6). *p < 0.05 vs. CON.

Figure 3

Effect of HDB1258 and SC β-glucan on the TNF-α (a), IL-10 (b), IL-6 (c), and IL- 1β expression (d), ratio of
TNF-α to IL-10 expression (e), and NF-κB+CD11c+ cell population (f) in the colon of mice. HDB1258 (LL,
1×108 CFU/mouse/day and LH, 1×109 CFU/mouse/day) or SC β-glucan (SCG, 50 mg/kg/day) was orally



gavaged daily for 14 days. Normal control mice (CON) were treated with vehicle (saline) instead of test
agents. Data values were described as mean ± SD (n = 6). Means with same letters are not signi�cantly
different (p < 0.05).

Figure 4

Effect of HDB1258 and SC β-glucan on the gut microbiota composition in mice. (A) Effects on α-diversity
(OUT richness). (B) Effects on β-diversity. (C) Effects on the gut bacteria composition at the phylum level.



(D) The correlation between gut microbiota (at the family and genus levels) and ratio of TNF-α to IL-10
expression in the colon. (E) The correlation between gut microbiota (at the family and genus levels) and
TNF-α to IL-10 expression ratio in the spleen. HDB1258 (LL, 1×108 CFU/mouse/day and LH, 1×109
CFU/mouse/day) or SC β-glucan (SCG, 50 mg/kg/day) was orally gavaged daily for 14 days. Normal
control group (CON) was treated with saline instead of test agents. Data values were described as mean
± SD (n = 6). *p < 0.05 vs. CON.

Figure 5



Effect of HDB1258 on splenic NK cell cytotoxicity, peritoneal macrophage 629 phagocytosis, blood PGE2
level, splenic Th1 and Treg cell differentiation, splenic T-bet, Foxp3, TNF-α, and IL-10 expression in mice
with LPS-induced systemic in�ammation. (A) Effects on splenic NK cell cytotoxicity (a), peritoneal
macrophage phagocytosis (b), and blood PGE2 level (c). (B) Effects on the differentiation of Th1 (a) and
Treg cells (b) and ratio of Th1 to Treg cells (c). Effects on the expression of T cell transcription factors T-
bet (a) and Foxp3 (b) and ratio of T-bet to Foxp3 expression (c). Effects on the expression of TNF-α (a)
and IL-10 (b) and ratio of TNF-α to IL-10 expression. Mice was interaperitoneally injected with LPS (10
μg/kg/day) for 10 days. HDB1258 (LPS, vehicle; LL, 1×108 CFU/mouse/day and LH, 1×109
CFU/mouse/day) was orally gavaged daily for 14 days from the �nal injection of LPS. Normal control
mice (CON) were treated with saline instead of LPS and test agents. Data values were described as mean
± SD (n = 6). #p < 0.05 vs. CON. *p < 0.05 vs. group treated with LPS alone.

Figure 6



Effect of HDB1258 on the LPS-induced colitis in mice with LPS-induced systemic in�ammation. on the
colon length (a), myeloperoxidase (MPO) activity (b), IL-1β (c), IL-6 (d), TNF-α (e), and IL-10 expression (f),
ratio of IL-10 to TNF-α expression (g), and NF-κB+CD11c+ cell population (h). Mice was intraperitoneally
injected with LPS (10 μg/kg/day) for 10 days. HDB1258 (LPS, vehicle; LL, 1×108 CFU/mouse/day and
LH, 1×109 CFU/mouse/day) was orally gavaged daily for 14 days from the �nal injection of LPS. Normal
control mice (CON) were treated with saline instead of LPS and test agents. Data values were described
as mean ± SD (n = 6). #p < 0.05 vs. CON. *p < 0.05 vs. group treated with LPS alone.



Figure 7

Effect of HDB1258 on the composition of gut microbiota in mice with LPS-652 induced systemic
in�ammation. (A) Effects on α-diversity (OUT richness). (B) Effects on β-diversity. (C) Effects on the gut
bacteria composition at the phylum level. (D) The correlation between gut microbiota (at the family and
genus levels) and ratio of IL-10 to TNF-α expression in the colon. (E) The correlation between gut
microbiota (at the family and genus levels) and ratio of IL-10 to TNF-α expression in the spleen. Mice was
intraperitoneally injected with LPS (10 μg/kg/day) for 10 days. HDB1258 (LPS, vehicle; LL, 1×108 Effect
of HDB1258 on the composition of gut microbiota in mice with LPS-652 induced systemic in�ammation.
(A) Effects on α-diversity (OUT richness). (B) Effects on β-diversity. (C) Effects on the gut bacteria
composition at the phylum level. (D) The correlation between gut microbiota (at the family and genus
levels) and ratio of IL-10 to TNF-α expression in the colon. (E) The correlation between gut microbiota (at
the family and genus levels) and ratio of IL-10 to TNF-α expression in the spleen. Mice was
intraperitoneally injected with LPS (10 μg/kg/day) for 10 days. HDB1258 (LPS, vehicle; LL, 1×108
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