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ABSTRACT 17 

The mechanism underlying the dose effect of probiotics on ameliorating diarrhea 18 

has not been fully elucidated. Here, low (1 × 109 CFU/ml) or high (1 × 1011 CFU/ml) 19 

doses of Lactobacillus rhamnosus ATCC 7469 were administered orally to piglets for 20 

1 week before F4 (K88)-positive enterotoxigenic Escherichia coli (F4+ETEC) 21 

challenge. Administration of a low, but not a high, dose of L. rhamnosus decreased the 22 

percentage of CD3+CD4+CD8− T cells in the peripheral blood. Notably, transiently 23 

increased the serum concentrations of interleukin (IL)-17A were observed after 24 

F4+ETEC challenge in pigs pretreated with a high dose of L. rhamnosus. 25 

Administration of L. rhamnosus increased the percentage of the small intestinal 26 

lamina propria CD3+CD4+CD8− cells and Peyer’s patch CD3+CD4−CD8− and 27 

CD3−CD4−CD8+ cells. The percentage of ileal intraepithelial CD3+CD4−CD8+ cells 28 

increased only in the high-dose piglets. Administration of L. rhamnosus 29 

downregulated expression of ileal IL-17A after F4+ETEC challenge, but had no effect 30 

on expression of IFN-γ, IL-12, IL-4 and FOXP3 mRNA in the small intestine. 31 

Expression of jejunal IL-2, ileal TGF-β1 and ileal IL-10 was upregulated in the 32 

low-dose piglets after F4+ETEC challenge. Our findings suggest that amelioration of 33 

infectious diarrhea in piglets by L. rhamnosus is associated with the generation of 34 

lamina propria CD3+CD4+CD8− T cells, the expansion of Peyer’s patch 35 

CD3+CD4−CD8− and CD3−CD4−CD8+ cells, and the attenuation of F4+ETEC-induced 36 

increase in CD3+CD4+CD8+ T cells in the small intestine. However, consumption of 37 

high doses of L. rhamnosus may increase levels of serum IL-17A after F4+ETEC 38 

challenge, thus eliciting a strong proinflammatory response.   39 
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piglet 41 



 

INTRODUCTION 42 

Enterotoxigenic Escherichia coli (ETEC) are not only a common cause of 43 

postweaning diarrhea in piglets (1), but are also associated with children’s and 44 

traveler’s diarrhea (2,3). The most prevalent ETEC strains implicated in postweaning 45 

diarrhea expresses F4 (K88)+ fimbriae (4). Adaptive immune responses rely on 46 

differentiation of CD4+ T helper cells into subsets with distinct effector functions best 47 

suited for host defense against invading pathogens (5). Depending on the cytokine 48 

milieu, naïve CD4+ T helper cells develop into Th1, Th2, Th17, or Treg cells (6). 49 

Th17 cells are characterized by the expression of interleukin (IL)-17 and IL-22, and 50 

reside primarily at barrier surfaces, particularly the gut mucosa. In humans and mice, 51 

Interleukin-17 is a cytokine with pleiotropic functions, including the recruitment and 52 

activation of neutrophils, which in turn orchestrate inflammatory responses (7,8,9). In 53 

humans, expression of IL-17 mRNA increases in inflamed intestinal mucosa after E. 54 

coli infection (10). Furthermore, it has been reported that probiotic Lactobacillus 55 

casei inhibited the antigen-induced secretion of IL-17 by CD4+ T cells developed 56 

from murine Peyer’s patch cells (11). A recent study has shown that IL-17 mRNA 57 

expression was upregulated in the intestine of pigs after infection with ETEC (12). 58 

However, in pigs neither the host sensing systems responsible for inducing early 59 

IL-17 secretion nor the nature of the Th17 response to pathogenic and probiotic 60 

bacteria in vivo have been elucidated.  61 

The gut-associated lymphoid tissue harbors most of the 62 

body’s lymphocyte population, and comprises of the organized Peyer’s patch 63 

lymphocytes (PPLs), scattered intraepithelial lymphocytes (IELs), and lamina propria 64 

lymphocytes (LPLs) (13). Regulatory T (Treg) cells help maintain intestinal 65 

homeostasis by preventing inappropriate innate and adaptive immune responses 66 



 

(14,15). Treg cells are typically anergic and inhibit the proliferation and activation of 67 

effector T cells through the secretion of cytokines such as IL-10 and transforming 68 

growth factor-β (TGF-β) (16,17). In humans and mice, CD4+ T cells that express the 69 

transcription factor forkhead box P3 (FOXP3) and T regulatory type 1 (Tr1)-like cells 70 

that produce IL-10 comprise the major regulatory populations in the intestine (15). 71 

Notably, IL-10 represses proinflammatory responses and limits tissue damage caused 72 

by inflammation (18,19). Moreover, TGF-β has been shown to regulate the 73 

lymphocyte compartment of the gut, ensuring that lymphocytes are retained in the gut 74 

(20). More recently, oral administration of probiotic bifidobacterium breve resulted in 75 

increased IL-10 production by CD4+ T cells from the large intestine of mice (21). In 76 

swine, it has been shown that porcine Treg cells produce IL-10 and that porcine IL-10 77 

production was mainly detected in the CD4+CD25dim
 subset (16).  78 

In a previous study, we showed that pretreatment with a low dose of Lactobacillus 79 

rhamnosus ATCC 7469 (1 × 109 CFU/ml) might be more effective at ameliorating 80 

F4+ETEC-induced diarrhea than pretreatment with a high dose (1 × 1011 CFU/ml) (22). 81 

High-dose L. rhamnosus pretreatment may negate the preventive effects observed 82 

with low-dose pretreatment by disturbing the balance of the intestinal microbiota and 83 

immune system; however, the mechanism underlying the dose effect of probiotics is 84 

not yet fully understood. A recent study utilizing a gnotobiotic pig model revealed that 85 

a low dose of L. acidophilus leads to decreased production of TGF-β and IL-10, 86 

whereas a high dose leads to an increase in the number of Treg cells (23). It has also 87 

been reported that administration of L. rhamnosus GG to ovalbumin-immunized rats 88 

leads to an increase in the number of FOXP3+ T cells and the production of IL-10 and 89 

TGF-β in the intestine (24). Therefore, we hypothesized that consumption of low or 90 

high doses of L. rhamnosus might exert differential effects on intestinal T cell 91 



 

responses during F4+ETEC-induced diarrhea in piglets.  92 

In this study, we examined the effects of oral administration of different levels of L. 93 

rhamnosus on intestinal and systemic cytokine and T cell responses following 94 

F4+ETEC challenge in newly-weaned pigs.  95 

 96 

MATERIALS AND METHODS 97 

Ethics statement 98 

All animals were treated in strict accordance with the Guidelines for Laboratory 99 

Animal Use and Care from the Chinese Center for Disease Control and Prevention 100 

and the Rules for Medical Laboratory Animals (1998) from the Chinese Ministry of 101 

Health, under the protocol (CAU-AEC-2011-056) approved by the Animal Ethics 102 

Committee of the China Agricultural University. All surgery was performed under 103 

sodium pentobarbital anesthesia, and every effort was made to minimize suffering. 104 

 105 

Animals  106 

A total of 20 crossbred (Landrace × Large White) piglets, mixed gender, selected 107 

from five different litters, weaned at 21 days of age and weighing 5.2 ± 0.2 kg, were 108 

obtained from a regular commercial farm in Beijing and used in the study (22). The 109 

animals were individually housed in wire-mesh pens, each of which was equipped 110 

with a single feeder and nipple drink, and fed a standard weaning diet containing 111 

22.3% crude protein and 14.0 MJ/kg dietary energy. Feed and water were provided ad 112 

libitum. None of the diets contained antibiotics and no drugs were administered 113 

throughout the trial. Prior to the start of the trial, no clinical signs of diarrhea or other 114 

diseases were observed in any of the piglets. The pigs were weighed before the start 115 

of the trial (day 0), at day 8 (prechallenge), and at day 15 (when sacrificed). The 116 



 

individual feed intake of each pig was recorded. 117 

 118 

Bacterial strains 119 

Lactobacillus rhamnosus ATCC 7469 was purchased from the Chinese General 120 

Microorganism Culture Collection and grown in De Man, Rogosa, and Sharpe (MRS) 121 

broth (Oxoid, Hampshire, UK) for 24 h at 37°C under microaerophilic conditions. 122 

Bacteria were harvested by centrifugation at 2000 × g for 5 min at 4°C, then washed 3 123 

times with sterile physiological saline and resuspended in saline. Two different doses 124 

of L. rhamnosus were prepared, a low dose containing 1 × 109 CFU/ml and a high 125 

dose containing 1 × 1011 CFU/ml.  126 

An Escherichia coli F4-producing strain (O149:K91, K88ac) was obtained from the 127 

China Veterinary Culture Collection Center and grown in Luria-Bertani (LB) medium 128 

(Oxoid, Basingstoke, England). After overnight incubation at 37°C with shaking, 129 

bacteria were diluted 1:100 in fresh LB. Following further incubation, bacteria were 130 

harvested by centrifugation at 3000 × g for 10 min at 4°C, washed in sterile 131 

physiological saline, and resuspended in saline. An inoculum of F4+ETEC containing 132 

1 × 109 CFU/ml was then prepared.  133 

 134 

Experimental design 135 

The experimental model and treatment regimens have been described in detail 136 

elsewhere (22). In brief, on the day of weaning (day 0), pigs were assigned to 4 137 

groups (n = 5 per group) and blocked by weight and ancestry. Each group received a 138 

different treatment, as follows: 1) CONT group (oral administration of sterile 139 

physiological saline); 2) ETEC group (oral administration of sterile physiological 140 

saline and oral challenge with ETEC); 3) LDLE group (oral administration of 141 



 

low-dose L. rhamnosus (1 × 109 CFU/ml) and oral challenge with ETEC); and 4) 142 

HDLE group (oral administration of high-dose L. rhamnosus (1 × 1011 CFU/ml) and 143 

oral challenge with ETEC). 144 

At 9:00 AM each day on days 1-7, pigs in the CONT and ETEC groups were 145 

administered 10 ml of sterile physiological saline orally, while pigs in the LDLE and 146 

HDLE groups received an equal volume of low-dose (109 CFU/ml, once daily) or 147 

high-dose (1011 CFU/ml, once daily) L. rhamnosus solution, respectively, via oral 148 

administration. At 9:00 AM on day 8, pigs in the ETEC, LDLE, and HDLE groups were 149 

administered 10 ml of ETEC culture (109 CFU/ml) orally, while pigs in the CONT group 150 

received the same volume of sterile physiological saline. The probiotic groups did not 151 

received any more probiotic after F4+ETEC challenge.  152 

Diarrhea scoring 153 

The health of each animal was closely monitored throughout the experiment. Severity 154 

of diarrhea was scored according to previously described criteria (22). Severity of 155 

diarrhea was scored according to the following criteria: 1, hard and formed pellets; 2, 156 

nonformed pellets; 3, soft feces; 4, very soft and containing a small amount of water-like 157 

feces; 5, semisolid containing more than half water-like feces; 6, water-like feces. Piglets 158 

were considered to have severe diarrhea when the score was 5 or 6. 159 

Blood sampling 160 

Blood samples were collected from the jugular vein immediately prior to F4+ETEC 161 

challenge (0 h) and at 6, 12, 24, 48, 96, and 144 h after challenge. Blood samples were 162 

collected into Venoject glass tubes (Terumo Europe NV, Leuven, Belgium) 163 

containing EDTA, and analyzed fresh for total and differential blood leukocyte counts. 164 

Blood samples without additives were centrifuged and the serum was stored at −20°C 165 

until subsequent analysis for the serum concentrations of IL-17A and IL-10. The 166 



 

concentrations of IL-10 and IL-17A in the serum were determined using 167 

commercially available enzyme-linked immunosorbent assay (ELISA) kits specific 168 

for porcine IL-10 (LifeSpan Biosciences, Seattle, WA, USA) or for porcine IL-17A 169 

(Bethyl Laboratories, Montgomery, TX, USA), respectively.  170 

A 5-ml aliquot of each blood sample containing sodium heparin collected at times 0, 171 

24, and 144 h was analyzed by flow cytometry.  172 

Intestinal tissue sampling 173 

At 9:00 AM on day 15 (1 week after F4+ETEC challenge), animals were euthanized 174 

and intestinal samples were immediately collected. For mRNA studies, the middle 175 

jejunum and ileum segments were collected from each pig and immediately frozen in 176 

liquid nitrogen and stored at −80°C. For flow cytometry studies, sparse jejunal 177 

Peyer’s patches (jPPs), continuous ileal Peyer’s patches (iPPs), and distal jejunum and 178 

ileum segments (free of associated PPs) were rinsed with phosphate-buffered saline 179 

(PBS) immediately after being opened, divided segmentally, and incubated in 180 

Ca+/Mg+-free Hank’s balanced salt solution (HBSS) (10 mM Hepes, 50 U/ml 181 

penicillin, and 50 μg/ml streptomycin).  182 

 183 

Differential blood leukocyte count 184 

The total white blood cell count was determined using a semiautomated blood cell 185 

counter (MEK-6318K, Nihno Kohden Inc., Japan), and was followed by microscopic 186 

differentiation. The proportions of segmented neutrophils, banded neutrophils, 187 

lymphocytes, monocytes, and eosinophils were expressed as a percentage of the total 188 

number of leukocytes. For pigs at 36 days of age, the physiological range of 189 

leukocytes is 12.7−20.9 × 109/L, and the proportion ranges of segmented neutrophils, 190 

banded neutrophils, lymphocytes, monocytes, and eosinophils are 28.0−43.0%, 191 



 

0−5.0%, 40.0−68.0%, 3.0−10.5%, and 3.5−14.0%, respectively (25).  192 

 193 

Isolation of peripheral blood lymphocytes  194 

Peripheral blood lymphocytes (PBLs) were obtained by Ficoll gradient 195 

centrifugation using Lymphocyte Separation Solution (TBD Science Inc., Tianjin, 196 

China). In brief, 4 ml of Ficoll solution was stratified under 2 ml of peripheral blood 197 

and centrifuged at 400 × g for 20 min at room temperature. Recovered lymphocytes 198 

were washed 3 times with RPMI-1640 medium (Gibco, Grand Island, NY, USA). An 199 

equal volume of trypan blue was added and the living cells were counted under a 200 

microscope. Freshly isolated lymphocytes were used in all of the following 201 

experiments. 202 

 203 

Isolation of intestinal mucosal lymphocytes  204 

Intestinal cells were isolated as previously described, with some modifications (26). 205 

Briefly, to isolate IELs, fragments of the distal jejunum and ileum were cut into 3-cm 206 

pieces and transferred into 1 X HBSS containing 2 mM dithiothreitol (DTT) and 10 207 

mM HEPES and lacking Ca2+ and Mg2+ (HBSS-DTT). Excess mucus was removed by 208 

gently shaking each sample for 5 min at 37°C. The medium was discarded and 209 

replaced with HBSS containing 3 mM ethylene diamine tetraacetic acid (EDTA) and 210 

10 mM HEPES and lacking Ca2+ and Mg2+ (HBSS-EDTA) and the samples were 211 

incubated with slow shaking at 90 r.p.m. for 45 min at 37°C in an orbital shaker. The 212 

solution was then passed through a sterile 200-μm metal sieve and centrifuged at 600 213 

× g for 10 min at 4°C. The resulting cell pellet was resuspended in RPMI-1640 214 

medium and kept on ice.  215 

Lamina propria lymphocytes were isolated from the remaining tissue fragments  216 



 

by washing for approximately 10 min with RPMI-1640 to remove residual epithelium 217 

and media, followed by digestion with RPMI-collagenase (RPMI-collagenase; 218 

RPMI-1640 containing 100 U/ml collagenase VII (Sigma-Aldrich, Saint Louis, MO, 219 

USA)). The sample was incubated with slow shaking at 90 r.p.m. for 45 min at 37°C 220 

in an orbital shaker and the above steps were repeated twice. The resulting final cell 221 

pellet was filtered and centrifuged as described above for the isolation of IELs. 222 

Lymphocytes were purified using Percoll gradient centrifugation (GE Healthcare, 223 

Piscataway, NJ, USA). Suspensions containing IELs and LPLs were centrifuged again 224 

and the resulting cell pellets were resuspended in 25% Percoll in HBSS and 225 

centrifuged at 600 × g for 10 min to remove excess mucus. Cell debris (top layer) was 226 

removed by aspiration and then the Percoll solution was removed. The cells were then 227 

layered on a second continuous 25%-44%-66% Percoll gradient by pipetting 4 ml of a 228 

44% Percoll gradient solution into the tube, underlaying with an equal volume of 66% 229 

Percoll gradient solution, and adding 4 ml of the pellet resuspended in 25% Percoll 230 

gradient solution on top of the 44% layer. After centrifugation at 600 × g for 10 min at 231 

4°C, lymphocytes cells were collected from the interface between the 44% and 66% 232 

Percoll layers and washed with RPMI-1640. Cell viability was determined by trypan 233 

blue dye exclusion. Cell suspensions from each intestinal tissue compartment were 234 

adjusted to a density of 1 × 106 cells/ml with 1 X PBS (containing 0.1% bovine serum 235 

albumin and 0.001% sodium azide) and subjected to flow cytometric analysis. 236 

Peyer’s patch lymphocytes were isolated after incubation of the tissues for 20 min 237 

in HBSS-DTT at 37°C with gentle shaking, after which the medium was removed and 238 

the tissues were resuspended in HBSS-EDTA. After digestion for 20 min at 37°C with 239 

gentle shaking, the medium was discarded. The tissue was then transferred to a petri 240 

dish containing HBSS and the cells were released through gentle mincing. Cells were 241 



 

pelleted by centrifugation at 600 × g for 10 min at 4°C after passage through a sterile 242 

200-μm metal sieve. Cells were purified by centrifuging at 1000 × g for 30 min at 4°C 243 

on a continuous 40-70% Percoll gradient. Lymphocytes were collected from the 244 

interface between the 40% and 70% Percoll layers.   245 

 246 

Flow cytometry  247 

The differentiation of T-cell subpopulations and lymphocytes from the peripheral 248 

blood (PBLs) and small intestine (IELs, LPLs, and PPLs) was assessed using 249 

CD3/CD4/CD8 triple-color flow cytometry. The primary antibodies used were mouse 250 

anti-porcine CD3ε, (clone PPT3, conjugated to Spectral Red™ (SPRD); Southern 251 

Biotechnology Associates Inc., Birmingham, AL, USA), mouse anti- porcine CD4α 252 

(clone 74-12-4, fluorescein isothiocyanate (FITC)-conjugated), and mouse 253 

anti-porcine CD8α (clone 76-2-11, phycoerythrin (PE)-conjugated; BD Biosciences, 254 

San Jose, CA, USA).  255 

For each reaction, 1 × 106 cells were suspended in 50 µL of 0.1% BSA-PBS (wash 256 

buffer) and stained simultaneously with the anti-CD3ε-SPRD, anti-CD4α-PE, and 257 

anti-CD8α-FITC monoclonal antibodies at 4°C for 30 min in the dark. After staining, 258 

cells were washed with wash buffer and analyzed on a FACScalibur™ flow cytometer 259 

(BD Biosciences, San Jose, CA, USA) equipped with FlowJo software (Tree Star). 260 

Lymphocytes were selected by gating based on size and granularity to exclude other 261 

cells and cellular debris. At least 2 × 104 gated events per condition were acquired. 262 

Results are expressed as the percentage of CD3+ T cells, CD3−CD4−CD8+ cells (partly 263 

comprised of NK cells), and CD3+CD4+CD8− (comprised of T-helper cells), 264 

CD3+CD4−CD8+ (comprised of cytotoxic T cells), CD3+CD4+CD8+ (comprised of 265 

memory T-helper cells), and CD3+CD4−CD8− (currently unknown function) T 266 



 

lymphocytes.  267 

 268 

Quantitative real-time PCR 269 

We investigated the mRNA expression of Th1, Th2, Th17, and Treg cytokines in 270 

the intestinal mucosa following F4+ETEC challenge in newly-weaned pigs pretreated 271 

with either a low or high dose of L. rhamnosus.  272 

Total RNA was extracted from the jejunal and ileal tissue samples using Trizol 273 

reagent (Invitrogen, Carlsbad, CA, USA) as previously described (22). The integrity 274 

of RNA extracted from each sample was confirmed by agarose gel electrophoresis 275 

with ethidium bromide staining and visualization under UV light. A NanoDrop® 276 

ND-2000C spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) was 277 

used to determine the amount of RNA extracted and to verify its purity 278 

(OD260/OD280 absorption ratio > 1.9). One µg of total RNA was then reverse 279 

transcribed into first-strand cDNA using the GoScript Reverse Transcription System 280 

(Promega, Madison, WI) according to the manufacturer’s instructions. Synthesized 281 

cDNA was stored at −20°C prior to real-time PCR analysis.  282 

An ABI 7500 Real-time PCR System (Applied Biosystems, Foster City, CA, USA) 283 

was used for quantitative real-time PCR analyses. The sequences of the primers used 284 

are listed in Table 1. Real-time PCR was performed with SYBR® Premix 285 

DimerEraserTM (TakaRa Biotechnology Inc., Shiga, Japan), and each sample was 286 

analyzed in triplicate. 287 

To quantify relative mRNA expression, the cycle threshold (CT) values of the target 288 

genes were normalized to the CT value of the housekeeping gene hypoxanthine 289 

phosphoribosyl-transferase (HPRT) (27), and the results are presented as fold-change 290 

using the 2−ΔΔCT method. The relative expression of target gene mRNA in each group 291 



 

was calculated using the following equations: ΔCT = CT (target gene) – CT (HPRT), and 292 

ΔΔCT = ΔCT (treated group) – ΔCT (control group).  293 

 294 

Statistical analysis 295 

The SAS statistical software package, version 9.1 (SAS Institute Inc., Cary, NC, 296 

USA) was used for statistical analyses. Data were analyzed using the software’s 297 

PROC MIXED procedure. Besides, statistical evaluation of the incidence of diarrhea 298 

was carried out by Pearson's chi-squared test. For analysis of non-normal distribution 299 

and repeated measure data, the non-parametric Friedman’s test using SAS procedure 300 

FREQ was performed to compare diarrhea scores between the treatments. 301 

For data from blood samples, the statistical model included the fixed effects of 302 

treatment, litter, sex, sampling time, the interaction between treatment and sampling 303 

time, and the random effect of pig within a treatment. In addition, the model applied a 304 

first-order autoregressive covariance structure to account for the correlation between 305 

measures at different times within a pig. For data from intestinal tissue samples, the 306 

statistical model included the fixed effects of treatment, litter, sex, intestinal section, 307 

the interaction between treatment and intestinal section, and the random effect of pig 308 

within a treatment. Natural logarithm transformation was performed for the ELISA 309 

data of IL-10 and IL-17 to yield a normal distribution prior to analysis. Differences 310 

between least square means were compared using Tukey’s test. A P-value < 0.05 was 311 

considered statistically significant. 312 

 313 

RESULTS 314 

Incidence and duration of diarrhea 315 

The effects of oral administration of L. rhamnosus on diarrhea scores of newly-weaned 316 



 

pigs before and after F4+ETEC challenge are shown in Figure S1. More detailed data 317 

concerning the incidence and duration of diarrhea are shown in Table S1. Average daily 318 

gain and feed intake were unaffected in the first 2 weeks following the challenge (Table 319 

S2).  320 

During week 1 (prior to the F4+ETEC challenge), only 1 pig in the CONT group had 321 

experienced naturally acquired severe diarrhea and 1 pig in the LDLE group had diarrhea 322 

by day 7; however, 3 pigs in the HDLE group had severe diarrhea lasting for 2 days and 323 

diarrhea scores were higher in HDLE pigs than in CONT (P = 0.001) and ETEC (P < 324 

0.001) pigs by day 7 of the experiment (Fig. S1A and Table S1). During week 2, 325 

following F4+ETEC challenge, 3 pigs in the ETEC group exhibited severe diarrhea from 326 

day 10 to day 14, whereas only 1 pig in the CONT group exhibited mild diarrhea that 327 

lasted for 1 day, and 1 pig in the LDLE group had diarrhea lasting for 4 days, and 2 pigs 328 

in the HDLE group had diarrhea that lasted for 3−4 days (Table S1). By day 14, diarrhea 329 

scores were lower in LDLE (P < 0.001) and HDLE (P = 0.001) pigs than in ETEC pigs 330 

(Fig. S1B). 331 

When presented as pig days with diarrhea, the incidence of diarrhea was higher in 332 

group HDLE than in group ETEC before F4+ETEC challenge. After F4+ETEC challenge, 333 

the incidence of diarrhea was lower in groups LDLE and CONT than in group ETEC 334 

(Table S1).  335 

 336 

The effects of oral administration of L. rhamnosus on blood leukocyte count and 337 

population distribution 338 

Dose-related effects of oral L. rhamnosus administration on the blood leukocyte 339 

count and population distribution were monitored immediately before and at various 340 

times after F4+ETEC challenge (Fig. 1). Immediately prior to F4+ETEC challenge, the 341 



 

total number of peripheral blood leukocytes was higher in both LDLE and HDLE pigs 342 

than in CONT and ETEC pigs (Fig. 1A). The total peripheral blood leukocyte count in 343 

LDLE pigs remained higher than CONT (P = 0.003, P < 0.001, P = 0.002, 344 

respectively) and ETEC (P = 0.002, P < 0.001, P = 0.005, respectively) pigs at 6, 24, 345 

and 48 h after F4+ETEC challenge, whereas it remained higher in HDLE pigs only at 346 

24 h after challenge (P = 0.009). No differences in the total number of peripheral 347 

blood leukocytes were observed in ETEC pigs compared to CONT pigs after 348 

F4+ETEC challenge. Similarly, ETEC pigs did not exhibit an increase in the 349 

percentage of segmented neutrophils (Fig. 1B). The percentage of segmented 350 

neutrophils was higher in HDLE pigs than in CONT (P = 0.004) and ETEC (P = 351 

0.003) pigs before F4+ETEC challenge, and it remained higher in both LDLE and 352 

HDLE pigs compared to CONT and ETEC pigs at 12 and 24 h after F4+ETEC 353 

challenge.  354 

In contrast, the percentage of lymphocytes in HDLE pigs was lower than that of 355 

CONT (P = 0.009) and ETEC (P = 0.004) pigs before F4+ETEC challenge, and it 356 

remained lower in both LDLE and HDLE pigs compared to CONT pigs at 12 and 24 357 

h after F4+ETEC challenge (Fig. 1D). As was observed with respect to segmented 358 

neutrophils, ETEC pigs did not exhibit an increase in the percentage of lymphocytes 359 

as compared with CONT pigs after F4+ETEC challenge. Concerning monocytes, 360 

HDLE pigs had a higher percentage of monocytes than did either CONT or ETEC 361 

pigs after F4+ETEC challenge, but not at 12 h and 96 h after F4+ETEC challenge (Fig. 362 

1E). LDLE pigs had a higher percentage of monocytes than did either CONT or 363 

ETEC pigs only at 6 h and 24 h after F4+ETEC challenge. There were no differences 364 

among the 4 groups with respect to the percentage of banded neutrophils or 365 

eosinophils (Fig. 1C, 1F). 366 



 

 367 

Serum concentrations of IL-10 and IL-17A  368 

Given that IL-17A and IL-10 are “signature cytokines” of the Th17 and Treg cell 369 

responses, respectively, we measured the concentrations of IL-17A and IL-10 in the 370 

serum immediately before and at various times after F4+ETEC challenge (Fig. 2). At 6 371 

h after F4+ETEC challenge, IL-17A production was elevated in HDLE pigs but not in 372 

LDLE pigs, compared to ETEC pigs (Fig. 2A). At 12 h after F4+ETEC challenge, the 373 

concentration of IL-17A in the serum from HDLE pigs remained higher than that of 374 

CONT and LDLE pigs (P = 0.011 and P = 0.003, respectively). Moreover, serum 375 

IL-17A concentration was higher (P = 0.049) in ETEC pigs than in LDLE pigs. No 376 

differences in the serum concentration of IL-10 were observed among the 4 groups 377 

(Fig. 2B).  378 

 379 

Porcine lymphocyte subpopulations in the peripheral blood and the gut 380 

Probiotic bacteria supposedly have potent immunomodulatory effects on 381 

lymphocytes, but the underlying mechanism is poorly understood. To investigate 382 

whether the immunomodulatory effect associated with L. rhamnosus involves 383 

modulation of systemic and local lymphocyte subpopulations, we analyzed the CD3+ 384 

T cell population, as well as the CD3−CD4−CD8+, CD3+CD4+CD8−, CD3+CD4−CD8+, 385 

CD3+CD4+CD8+, and CD3+CD4−CD8− subpopulations in the peripheral blood and the 386 

gut. Although lymphocyte subpopulations are most often characterized in the blood, 387 

alterations in the number and composition of lymphocyte subpopulations in the gut 388 

may not be mirrored in the blood.  389 

In the present study, CD8high (CD8αβ) and CD8low (CD8αα) cells could be clearly 390 

discriminated and identified in the peripheral blood, with a notable proportion being 391 



 

CD8low cells (Fig. 3). Unlike the peripheral blood lymphocytes, in which the 392 

proportion of CD4+ and CD8+ cells was similar, the phenotype of the majority of IELs 393 

and LPLs was CD8+ and CD4+, respectively.  394 

 395 

The effects of oral administration of L. rhamnosus on peripheral blood 396 

lymphocytes 397 

Prior to infection with F4+ETEC (1 week after probiotic administration), the 398 

percentage of CD3+ T cells was lower in L. rhamnosus-pretreated LDLE and HDLE 399 

pigs than in ETEC pigs (P = 0.001 and P = 0.002, respectively) (Fig. 4A). The 400 

percentage of CD3+CD4−CD8+ T cells was decreased in both LDLE (P < 0.001) and 401 

HDLE pigs (P < 0.001) compared to CONT and ETEC pigs (Fig. 4D). Notably, pigs 402 

pretreated with a low dose of L. rhamnosus had a lower percentage of 403 

CD3+CD4+CD8− T cells than did CONT and ETEC pigs (P = 0.049 and P = 0.004, 404 

respectively) (Fig. 4C). This difference was not observed in pigs pretreated with a 405 

high dose of L. rhamnosus. No significant differences with respect to the proportions 406 

of CD3−CD4−CD8+, CD3+CD4+CD8+, and CD3+CD4−CD8− cells were observed 407 

among the 4 groups prior to F4+ETEC challenge (Fig. 4B, 4E, 4F).  408 

At 24 h after F4+ETEC challenge, there were no differences between ETEC and 409 

CONT pigs with respect to the percentage of CD3+ or CD3+CD4−CD8+ T cells. 410 

However, the percentages of both CD3+ and CD3+CD4−CD8+ T cells remained lower 411 

in LDLE and HDLE pigs than in CONT and ETEC pigs. At 144 h after F4+ETEC 412 

challenge, no differences in lymphocyte populations were observed, with the 413 

exception of the percentage of the CD3+CD4−CD8− subpopulation, which was lower 414 

in LDLE pigs than in ETEC pigs (P = 0.045).    415 

  416 



 

The effects of oral administration of L. rhamnosus on intestinal lymphocytes 417 

Since assessing changes in the composition of PBL subpopulations could not 418 

provide information about local intestinal lymphocytes, we assessed changes in the 419 

populations of various T cells in the intestinal compartments, including the Peyer’s 420 

patches, the intraepithelial layer, and the lamina propria of the jejunum and ileum of 421 

pigs subjected to different treatments (Fig. 5).  422 

The Peyer’s patch T lymphocyte subpopulations varied among the 4 groups 423 

examined. The HDLE pigs had higher percentages of CD3+ and CD3−CD4−CD8+ 424 

cells than did either ETEC or LDLE pigs among the jejunal PPLs (jPPLs) (Fig. 5A, 425 

5B). With respect to ileal PPLs (iPPLs), both LDLE and HDLE pigs had higher 426 

percentages of CD3−CD4−CD8+ cells than did either CONT or ETEC pigs. In addition, 427 

the percentage of CD3+CD4−CD8+ T cells among the iPPLs was lower (P = 0.013) in 428 

pigs pretreated with the low dose of L. rhamnosus compared to CONT pigs (Fig. 5D). 429 

This difference was not observed in pigs pretreated with a high dose of L. rhamnosus. 430 

Interestingly, the percentage of CD3+CD4+CD8+ T cells among the jPPLs of ETEC 431 

pigs was higher than that of CONT pigs, whereas in pigs pretreated with L. 432 

rhamnosus the increase induced by F4+ETEC challenge was attenuated (Fig. 5E). The 433 

percentage of CD3+CD4−CD8− cells increased among both the jPPLs and iPPLs of 434 

pigs pretreated with L. rhamnosus compared to ETEC pigs (Fig. 5F). There were no 435 

differences with respect to the jPPL and iPPL subpopulation of CD3+CD4+CD8− cells 436 

among the 4 groups (Fig. 5C).  437 

Similar to Peyer’s patches, the percentage of CD3+CD4+CD8+ T cells among the 438 

jIELs and iIELs of the LDLE and HDLE pigs was lower than that of ETEC pigs (Fig. 439 

5E). Unexpectedly, the percentage of CD3+CD4−CD8+ T cells among the iIELs of 440 

HDLE pigs was higher (P = 0.025) than that of ETEC pigs (Fig. 5D).  441 



 

The percentage of CD3+ T cells was higher in the lamina propria of both LDLE and 442 

HDLE pigs, and this difference was primarily due to the increased percentage of 443 

CD3+CD4+CD8− T cells in pigs pretreated with either a low or high dose of L. 444 

rhamnosus as compared with the CONT and ETEC pigs (Fig. 5C). 445 

 446 

The effects of oral administration of L. rhamnosus on cytokine mRNA expression 447 

in the intestine 448 

No differences were found in the expression of mRNAs for interferon-γ (IFN)-γ 449 

and IL-12p40 and IL-4 in the intestinal tissues among the 4 groups (Fig. 6A-C). 450 

The Th17/Treg balance is critical in maintaining intestinal immune homeostasis. 451 

We therefore compared the expression profile of Th17/Treg cytokines 1 week after 452 

F4+ETEC challenge in pigs pretreated with either a low or high dose of L. rhamnosus. 453 

The expression of IL-17 mRNA was not upregulated compared to CONT pigs in 454 

either the jejunal or ileal tissues of ETEC pigs. Notably, the expression of ileal IL-17 455 

mRNA was lower in LDLE and HDLE pigs than in CONT pigs (P = 0.043 and P = 456 

0.044, respectively) (Fig. 6D). As expected, an F4+ETEC-induced increase in ileal 457 

IL-6 mRNA expression (P = 0.020) was observed (Fig. 6E). In addition, increases in 458 

the expression of ileal TGF-β1 (P = 0.016), jejunal IL-2 (P = 0.035), and ileal IL-10 459 

(P = 0.011) mRNAs were detected in LDLE pigs, but not in HDLE pigs (Fig. 6F-H). 460 

No changes in FOXP3 mRNA expression were observed in any of the intestinal 461 

tissues analyzed (Fig. 6I).  462 

 463 

DISCUSSION 464 

The pathogenesis of ETEC diarrhea is a complex process involving various effector 465 

T cells. Lactobacillus rhamnosus appears to act at multiple steps in this process to 466 



 

attenuate ETEC-induced inflammation. Although L. rhamnosus administration is able 467 

to ameliorate infectious diarrhea in piglets, there is a risk that high-dose L. rhamnosus 468 

pretreatment may negate the preventative effects (22). The mechanism underlying the 469 

dose effect of probiotics on ameliorating diarrhea has not been fully elucidated.  470 

Following F4+ETEC challenge, 3 pigs without L. rhamnosus pretreatment exhibited 471 

severe diarrhea lasting 5 days, whereas only 1 control pig exhibited naturally acquired  472 

diarrhea, and 1 pig pretreated with a low dose of L. rhamnosus and 2 pigs pretreated 473 

with a high dose of L. rhamnosus had diarrhea by day 14. We found that 474 

administration of L. rhamnosus increased the number of leukocytes, and that the 475 

percentage of segmented neutrophils remained higher in pigs pretreated with L. 476 

rhamnosus at 12 and 24 h after F4+ETEC challenge. An increase in the number of 477 

leukocytes induced by L. rhamnosus may mean hyper-reactivity which diverts energy 478 

from growth to immune activation. Neutrophils have long been viewed as the final 479 

effector cells in acute inflammatory responses, playing a primary role in the clearance 480 

of extracellular pathogens. However, it has been suggested that neutrophils are key 481 

components of the effector and regulatory circuits of the innate and adaptive immune 482 

systems as well (28,29).  483 

The results of the flow cytometric analyses of peripheral blood showed a general 484 

decrease in T-cell populations in pigs pretreated with L. rhamnosus. Furthermore, 485 

administration of L. rhamnosus decreased the percentage of CD3+CD4−CD8+ T cells 486 

in the peripheral blood. Interestingly, pretreating animals with a low, but not a high, 487 

dose of L. rhamnosus resulted in a decrease in the percentage of peripheral blood 488 

CD3+CD4+CD8− T cells even before F4+ETEC challenge. Once activated, porcine 489 

Treg cells have the capacity to suppress the proliferation of cytotoxic T lymphocytes 490 

as well as T-helper cells as previously reported (30). These findings suggest that 491 



 

decreases of CD3+CD4−CD8+ T cells and CD3+CD4+CD8− T cells in the peripheral 492 

blood induced by L. rhamnosus are associated with the generation of Treg cells. In 493 

swine, related to the mechanism of involvement of the expansion of Treg cells 494 

induced by L. rhamnosus in vivo has still to be further studied. 495 

Notably, transiently increased serum IL-17A concentrations were observed, but not 496 

beyond 24 h post F4+ETEC challenge in pigs pretreated with a high dose of L. 497 

rhamnosus. However, this phenomenon is not seen in pigs pretreated with a low dose 498 

of L. rhamnosus. We found that the changes in IL17 did not mirror the evolution of 499 

neutrophils. In addition to bacteria-derived peptides, several host-derived factors have 500 

been shown to control the recruitment of neutrophils, such as activated complement 501 

fragments, CXC chemokines and selectin (31). Previously we have shown that 502 

pretreatment of piglets with L. rhamnosus increases in the number of Lactobacilli and 503 

Bifidobacteria accompanied by a reduction in coliform shedding in feces by day 9, i.e. 504 

24 h after F4+ETEC challenge (22). Similarly, the probiotic L. rhamnosus Lcr35 was 505 

shown to induce a strong dose-dependent increase in the production of pro-Th1/Th17 506 

cytokines by human dendritic cells (32). The serum concentration of IL-10 changed in 507 

a similar manner as that of IL-17A in our experiments, although the changes were not 508 

statistically significant. Notably, high-dose L. rhamnosus administration resulted in an 509 

increased incidence of diarrhea before F4+ETEC challenge. Our findings thus suggest 510 

that consumption of high doses of L. rhamnosus may increase levels of IL-17A in the 511 

serum after F4+ETEC challenge, thus eliciting a strong proinflammatory response and 512 

reducing the prophylactic benefits against potential enteric pathogens.   513 

Interestingly, the number of Lactobacilli and Bifidobacteria in the colonic contents 514 

was decreased at day 15 in piglets pretreated with either low- or high-dose L. 515 

rhamnosus. Moreover, decreases in the number of Lactobacilli and Bacteroides were 516 



 

also observed in the ileal contents of piglets pretreated with a high dose of L. 517 

rhamnosus (22). In the present study, the results of gene expression profile analyses 518 

revealed that L. rhamnosus consumption leads to a decrease in expression of IL-17A 519 

mRNA in the ileum, but has no effect on expression of IFN-γ, IL-12, IL-4, or FOXP3 520 

mRNA in the small intestine of pigs challenged with F4+ETEC. Furthermore, 521 

Pretreatment with a low dose of L. rhamnosus resulted in an increase in expression of 522 

ileal TGF-β1, jejunal IL-2 and ileal IL-10 mRNA. The gut is a TGF-β–rich 523 

environment in which numerous cell types can both produce and respond to this 524 

cytokine (33). Both FOXP3+IL-10+ and FOXP3−IL-10+ Treg cells seem to be 525 

dependent on TGF-β for induction and maintenance, whereas Tr1-like cells modulate 526 

immune responses via mechanisms distinct from those used by FOXP3+ Treg cells 527 

and are abundant in the small intestine and Peyer’s patches (34,35).  528 

In this study, ileal IL-6 mRNA expression was elevated in piglets exposed to 529 

F4+ETEC without pretreatment but not in piglets pretreated with L. rhamnosus. 530 

Interleukin-6 is a pleiotropic cytokine, and together with TGF-β, IL-6 induces the 531 

differentiation of Th17 cells from naïve T cells and inhibits the TGF-β–induced 532 

generation of FOXP3+ Treg cells (36). Stimulation of naturally occurring Treg cells 533 

with normal background levels of IL-2 is important for their survival and homeostasis, 534 

and the generation of induced Treg cells also depends on IL-2 (37). A recent study 535 

found that Bifidobacterium breve induces an increase in the number of 536 

IL-10–producing FOXP3− T cells in the colon of mice, but does not affect the number 537 

of CD4+FOXP3+ Treg cells (21). Our findings suggest that an increase in ileal IL-10 538 

mRNA expression following administration of L. rhamnosus may be the result of 539 

Tr1-like cell expansion. Generating additional Treg cells extrathymically is one way 540 

that regulation could be enhanced in the intestine.  541 



 

Interleukin-10 is an anti-inflammatory cytokine that plays a crucial role in limiting 542 

and ultimately terminating inflammatory responses. In addition, IL-10 is critical for 543 

the function of Tr1 cells (19,38). Our previous study demonstrated that expression of 544 

TLR2, TLR9, and NOD1 mRNA is upregulated in the intestines of piglets pretreated 545 

with a low, but not a high, dose of L. rhamnosus (22). Whether TLR9 signaling 546 

promotes Tr1-like cell responses and increases IL-10 expression remains to be 547 

determined. Moreover, the mechanism underlying probiotic-induced expansion of 548 

IL-10–producing T cells in the intestine has yet to be elucidated.  549 

Peyer’s patches consist of collections of large B-cell follicles and intervening T cell 550 

areas, and are considered to be compartments for induction of the gut mucosal 551 

immune response. Unlike the case in humans and mice, Peyer’s patches in swine 552 

exhibit properties that are consistent with those of a primary B cell lymphoid organ 553 

(13). In addition, swine have a prominent CD4+CD8+ T cells population. The 554 

CD4+CD8+ T cells serve as indicators of immune system activation in swine and play 555 

an important role in cell-mediated protection against infectious agents (39). We found 556 

that F4+ETEC challenge in the absence of L. rhamnosus pretreatment had no effect on 557 

the populations of CD4+CD8− and CD4−CD8+ T cells, but resulted in an increase in 558 

the CD4+CD8+ T cell population in the jejunal Peyer’s patches. Moreover, the 559 

increase in the proportion of CD4+CD8+ T cells among PPLs was attenuated by 560 

pretreatment with either a low or high dose of L. rhamnosus. Notably, administration 561 

of L. rhamnosus resulted in an increase in the percentage of CD3−CD4−CD8+ cells 562 

among PPLs. Our results imply that by restraining the expansion of CD4+CD8+ T 563 

cells and by promoting the generation of Peyer’s patch CD3−CD4−CD8+ cells, at least 564 

in part, L. rhamnosus may attenuate F4+ETEC-induced excessive inflammatory 565 

responses in the intestine.  566 



 

In our study, pretreatment with L. rhamnosus appeared to promote the expansion of 567 

the PPL CD3+CD4−CD8− T cell subpopulation 7 days after F4+ETEC challenge, 568 

although the percentage of CD3+CD4−CD8− T cells in the peripheral blood decreased 569 

after F4+ETEC challenge in pigs pretreated with the low dose of L. rhamnosus. 570 

Porcine T cells can be divided into a number of subpopulations, including a prominent 571 

fraction of T cells expressing T-cell receptors (TCR) with γδ-chains. Extrathymic 572 

porcine TCR-γδ T cells are CD4−, they can be either CD8α+ or CD8α− (40). 573 

Presentation of TCR-γδ T cells in the gut epithelium may contribute to maintenance 574 

of intestinal homeostasis, either through direct regulation of the immune response or 575 

through maintenance of the epithelial cell layer (41). A more detailed elucidation of 576 

promoted the expansion of CD3+CD4−CD8− T cell subpopulation by L. rhamnosus 577 

consumption has to be the content of further studies. 578 

Intestinal IELs with potent cytolytic and immunoregulatory capacities can be 579 

recruited quickly to maintain epithelial integrity and protect host tissues from 580 

infectious agents (13,42,43). In this study, we show that L. rhamnosus administration 581 

attenuates the F4+ETEC-induced increase in the percentage of IEL CD3+CD4+CD8+ T 582 

cells，and the percentage of ileal IEL CD3+CD4−CD8+ T cells was higher than the 583 

control at 7 days after F4+ETEC challenge only in pigs pretreated with a high dose of 584 

L. rhamnosus. Recently, it was reported that prevention of experimentally induced 585 

colitis in mice by administration of different Lactobacillus and Bifidobacterium 586 

strains is associated with a reduction in the percentage of IEL and LPL CD4+ cells, an 587 

increase in the percentage of IEL γδ T cells, and a decrease in the percentage of LPL 588 

γδ T cells (44). Therefore, further research is needed to determine how interaction 589 

among L. rhamnosus, intraepithelial lymphocytes and lamina propria lymphocytes 590 

affects the gut mucosal immunity.  591 



 

Intestinal LPLs are the effector components of the gut mucosal immune system, 592 

and may play a critical role in immune surveillance of the epithelium. In addition to 593 

their effector function, LPLs also have a role in immunoregulation (13). We found 594 

that L. rhamnosus administration increases the percentage of LPL CD3+CD4+CD8− T 595 

cells, It was recently reported that soluble factors secreted after Bifidobacterium 596 

bifidum LMG13195 administration interact with intestinal epithelial cells and promote 597 

the generation of CD4+CD25high lymphocytes expressing chemokine receptor Treg 598 

markers that favor mucosal homing, thus making possible their recruitment to the 599 

intestinal mucosa (45). This in turn contributes to the increase in the percentage of 600 

jejunal and ileal LPL CD3+CD4+CD8− T cells. Further studies are required to 601 

characterize the chemokine receptor Treg markers involved in the selective 602 

recruitment and induction of Treg cells in the intestinal mucosa.  603 

In conclusion, our findings suggest that amelioration of infectious diarrhea in 604 

piglets by L. rhamnosus is associated with the generation of lamina propria 605 

CD3+CD4+CD8− T cells, the expansion of Peyer’s patch CD3+CD4−CD8− and 606 

CD3−CD4−CD8+ cells, and the attenuation of F4+ETEC-induced increase in 607 

CD3+CD4+CD8+ T cells in the small intestine. However, consumption of high doses 608 

of L. rhamnosus may increase levels of IL-17 in the serum after F4+ETEC challenge, 609 

thus eliciting a strong proinflammatory response and reducing the prophylactic 610 

benefits against potential enteric pathogens. Our data indicate that application of 611 

certain probiotics has the potential to provide alternatives to antibiotics for use in 612 

preventing acute infectious diarrhea.  613 
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LEGENDS 765 

FIG 1 Dose effect of Lactobacillus rhamnosus on blood leukocyte count and 766 

population distribution following F4+ETEC challenge. (A) Leukocytes, (B) 767 

Segmented neutrophils, (C) Banded neutrophils, (D) Lymphocytes, (E) Monocytes, 768 

and (F) Eosinophils. Piglets received sterile physiological saline orally (CONT), 769 

received sterile physiological saline orally followed by F4 (K88)-positive 770 

enterotoxigenic Escherichia coli (F4+ETEC) challenge (1 × 109 CFU/ml, 10 ml, p.o.) 771 

(ETEC), were pretreated with a low dose of L. rhamnosus (1 × 109 CFU/ml, 10 ml 772 

once daily, p.o.) for 1 week followed by F4+ETEC challenge (LDLE), or were 773 

pretreated with a high dose of L. rhamnosus (1 × 1011 CFU/ml, 10 ml once daily, p.o.) 774 

for 1 week followed by F4+ETEC challenge (HDLE). Data are presented as means ± 775 

SEM for each time point (n = 5 per group). Mean values at the same time point 776 

without a common superscript (a, b, c) differ significantly (P < 0.05). 777 

FIG 2 Concentrations of IL-17A and IL-10 in the serum from 778 

F4+ETEC-challenged pigs pretreated with Lactobacillus rhamnosus. The serum 779 

concentrations of (A) IL-17A and (B) IL-10 at 0, 6, 12, 24, and 144 h after F4+ETEC 780 

challenge were determined by ELISA. Data are presented as means ± SEM for each 781 

time point (n = 5 per group). Mean values at the same time point without a common 782 

superscript (a, b, c) differ significantly (P < 0.05). 783 

FIG 3 Representative flow cytometry dot plots of blood and gut T lymphocyte 784 

subpopulations. Peripheral blood lymphocytes (PBLs), Peyer’s patch lymphocytes 785 

(PPLs), intraepithelial lymphocytes (IELs), and lamina propria lymphocytes (LPLs) 786 

were assayed using CD3/CD4/CD8 triple-color flow cytometry analysis. Numbers 787 

within the quadrants represent the percentage of CD4+CD8−, CD4−CD8+, CD4+CD8+, 788 

or CD4−CD8− cells within the CD3+ lymphocyte gate. Data are representative of 789 



 

analyses of 5 piglets. 790 

FIG 4 Low-dose Lactobacillus rhamnosus consumption decreases the 791 

CD3+CD4+CD8− T cell population in the peripheral blood. Peripheral blood was 792 

collected at 0, 24, and 144 h after F4+ETEC challenge. Flow cytometry was used to 793 

determine the percentage of (A) CD3+, (B) CD3−CD4−CD8+, (C) CD3+CD4+CD8−, (D) 794 

CD3+CD4−CD8+, (E) CD3+CD4+CD8+, and (F) CD3+CD4−CD8− cells among 795 

peripheral blood lymphocytes. Data are presented as means ± SEM for each time 796 

point (n = 5 per group). *P < 0.05; **P < 0.01; ***P < 0.001. 797 

FIG 5 Lactobacillus rhamnosus consumption attenuates the F4+ETEC-induced 798 

increase in the intestinal CD3+CD4+CD8+ T cell population. Peyer’s patch 799 

lymphocytes (PPLs), intraepithelial lymphocytes (IELs), and lamina propria 800 

lymphocytes (LPLs) were isolated from both jejunal and ileal tissues collected from 801 

piglets 1 week after F4+ETEC challenge. Flow cytometry was used to determine the 802 

percentage of (A) CD3+, (B) CD3−CD4−CD8+, (C) CD3+CD4+CD8−, (D) 803 

CD3+CD4−CD8+, (E) CD3+CD4+CD8+, and (F) CD3+CD4−CD8− cells among 804 

intestinal lymphocytes. Data are presented as means ± SEM for each tissue (n = 5 per 805 

group). *P < 0.05; **P < 0.01; ***P < 0.001. 806 

FIG 6 Lactobacillus rhamnosus consumption alters Th17/Treg cytokine 807 

expression in the intestines after exposure to F4+ETEC. The expression of mRNA 808 

for genes encoding (A) IFN-γ, (B) IL-12p40, (C) IL-4, (D) IL-17A, (E) IL-6, (F) 809 

TGF-β1, (G) IL-2, (H) IL-10, and (I) FOXP3 in both jejunal and ileal tissues collected 810 

from piglets 1 week after F4+ETEC challenge was analyzed by quantitative real-time 811 

PCR. Data are presented as means ± SEM for each tissue (n = 5 per group). *P < 0.05.  812 

 813 

 814 



 

TABLE 1 Sequences of oligonucleotide primers used for real-time PCR, length of the 815 

respective PCR product, and gene accession number 816 

Gene Primer sequence (5' to 3') Product 
size (bp) 

Accession number Reference 

HPRT F   GTGATAGATCCATTCCTATGACTGTAGA 104 U69731 [46] 
R   TGAGAGATCATCTCCACCAATTACTT 

IL-2 F   ATCTCTCCAGGATGCTCACATTTAA 97 NM_213861 [46] 

R   TCCAGAGCTTTGAGTTCTTCTACTAA 

IL-4 F   ACACAAGTGCGACATCACCTTA 132 NM_214123  

R   GTTTCCTTCTCCGTCGTGTTCT 
IL-6 F   GGGAAATGTCGAGGCTGTG 91 NM_214399  

R   AGGGGTGGTGGCTTTGTCT 

IL-10 F   CCTGACTGCCTCCCACTTTC 94 NM_214041  
R   GGGCTCCCTAGTTTCTCTTCCT

IL-12p40 F   CCTGACTGCCTCCCACTTTC 148 NM_214013 [47] 
R   AGGAGTGACTGGCTCAGAAC 

IL-17A F   CGGCTGGAGAAAGTGATGGT 140 NM_001005729  

R   CAGAAATGGGGCTGGGTCT 

IFN-γ F   TAAATGGTAGCTCTGGGAAACTGAA 86 NM_213948  

R   GATGGCTTTGCGCTGGA 

TGF-β1 F   GAAGCGCATCGAGGCCATTC 162 NM_214015 [47] 
R   GGCTCCGGTTCGACACTTTC 

FOXP3 F   GGTGCAGTCTCTGGAACAAC 148 NM_001128438 [48] 
R   GGTGCCAGTGGCTACAATAC 

HPRT = hypoxanthine phosphoribosyl-transferase; IL = interleukin; IFN = interferon; TGF = 817 

transforming growth factor; FOXP3 = forkhead box P3; F = forward primer; R = reverse primer. 818 

 819 














