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ABSTRACT Diarrheagenicity of diffusely adherent Escherichia coli (DAEC) remains 19 

controversial. Previously, we found that motile DAEC strains isolated from diarrheal patients 20 

induced high levels of interleukin 8 (IL-8) secretion via Toll-like receptor 5 (TLR5). However, 21 

DAEC strains from healthy carriers hardly induced IL-8 secretion, irrespective of their 22 

possessing flagella. In this study, we demonstrated that SK1144, a DAEC strain from a healthy 23 

carrier, suppressed IL-8 and IL-6 secretion from human epithelial cell lines. Suppression of IL-8 24 

in human embryonic kidney (HEK293) cells that were transformed to express TLR5 was 25 

observed not only upon inflammatory stimulation by flagellin but also in response to tumor 26 

necrosis factor-alpha (TNF-α) and phorbol myristate acetate (PMA), despite the fact that the 27 

TNF-α- and PMA-induced inflammatory pathways reportedly are not TLR5-mediated. SK1144 28 

neither decreased IL-8 transcript accumulation nor increased intracellular retention of IL-8. No 29 

suppression was observed when the bacteria were cultured in Transwell cups above the epithelial 30 

cells; however, a non-adherent bacterial mutant (lacking the afimbrial adhesin gene) still 31 

inhibited IL-8 secretion. Direct contact between the bacteria and epithelial cells was necessary, 32 

but diffuse adhesion was dispensable for the inhibitory effects. Infection in the presence of 33 

chloramphenicol did not suppress cytokine release by the epithelial cells, suggesting that 34 

suppression depended on effectors synthesized de novo. Inflammatory suppression was 35 

attenuated with infection by a bacterial mutant deleted for hcp (encoding a component of a 36 

type-VI secretion system). In conclusion, DAEC strains from healthy carriers impede epithelial 37 

cell cytokine secretion, possibly by interfering with translation via the type-VI secretion system.  38 
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INTRODUCTION 39 

Diarrheagenic Escherichia coli (DEC) is a primary pathogen associated with enteric disease. 40 

DEC has been classified into several subgroups according to pathogenicity, including 41 

enteropathogenic E. coli, enterotoxigenic E. coli, enteroinvasive E. coli, enterohemorrhagic E. 42 

coli, and enteroaggregative E. coli (EAEC). Colonization of the human intestine is an essential 43 

step in infection by DEC. Diffusely adherent E. coli (DAEC) shows diffuse adhesion to HEp-2 44 

cells via bacterial afimbrial adhesive sheaths (Afa) and has been proposed to constitute a sixth 45 

DEC class. In Servin’s comprehensive review of DAEC (1), the Afa/Dr adhesin family includes 46 

at least 14 adhesins, including both fimbrial and afimbrial proteins. Two classes of Afa/Dr were 47 

proposed: Afa/DrDAF, which recognize Dr antigens with an exposed decay-accelerating factor 48 

(DAF) domain of the Cromer blood-group system; and Afa/Dr
—

, which do not bind to human 49 

DAF. In addition to the adhesin, the secreted autotransporter toxin gene (sat) seemed to correlate 50 

with diarrhea-associated Afa/Dr DAEC strains, since sat was not present in any of the 51 

non-diarrhea-associated strains (2). However, the etiological role of DAEC in diarrheal disease 52 

still has remained controversial, although the relationship between Afa/Dr DAEC and diarrhea in 53 

children was demonstrated in age-stratified studies that showed an increased incidence in 54 

children <1 to 5 years of age (1). 55 

   DAEC likely comprise a heterogeneous group of organisms with variable 56 

enteropathogenicity (3). Measuring diffuse adhesion activity alone is insufficient to evaluate the 57 

diarrheagenicity of these strains, and therefore, other distinguishing characteristics have been 58 

pivotal for analysis by clinical microbiology. Other work has indicated that diarrheagenic EAEC 59 

causes the release of a considerable amount of the proinflammatory chemokine interleukin 8 60 

(IL-8) from human intestinal epithelial cells; IL-8 elevation in the feces of patients correlates 61 
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with the severity of clinical symptoms (4). Subsequently, we have found that Afa/Dr DAEC 62 

strains that induce high-level IL-8 secretion are prevalent among the isolates obtained from 63 

diarrheal patients but not among the isolates recovered from healthy carriers (5–8). 64 

The role of flagella and Toll-like receptor 5 (TLR5) in IL-8 production is apparent; notably, 65 

motile Afa/Dr DAEC strains cause prominent IL-8 induction, but non-motile strains show 66 

weaker induction of IL-8 (5). However, 9 of 15 motile strains from healthy carriers did not 67 

induce high-level IL-8 secretion, and these isolates therefore were designated 68 

motile-but-low-inducer (MBLI) strains (8, 9). We hypothesized that motile DAEC organisms 69 

recovered from patients had virulence factors that acted to loosen tight junctions (TJs), 70 

permitting flagellin to reach the innate receptor (TLR5), which is displayed on the basolateral 71 

side of epithelial cells, thereby triggering signaling that results in the induction of IL-8 at high 72 

levels (10). However, contrary to our expectation, MBLI strains also disrupted TJs as much as 73 

DAEC strains recovered from patients (9). 74 

   In the present study, we investigated why MBLI from healthy carriers induced only low-level 75 

IL-8 secretion from cultured human epithelial cells, regardless of whether the bacteria possessed 76 

flagella. In our previous reports (5–10), we used several different cell culture models, including: 77 

Caco-2 cells, a well-established model of small intestinal epithelium; HEp-2 (human laryngeal 78 

epithelial) cells, another standard model, to study adhesion of DEC; and T84 cells. However, in 79 

the present work, we primarily used human embryonic kidney (HEK293) cells transformed with 80 

a construct encoding TLR5 and a nuclear factor kappa B (NF-κB) / secreted alkaline phosphatase 81 

(SEAP) reporter system to clarify the relationship between TLR5 expression and responsivity to 82 

the flagellin of DAEC strains, excluding effects of other TLRs and ligands. Our analysis focused 83 

on bacterial strain SK1144, an Afa/Dr DAEC isolate that has been shown to cause the lowest 84 
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level of IL-8 induction among the MBLI (9). We found that the lower IL-8 production observed 85 

following infection with MBLI from healthy carriers reflected active suppression of the 86 

inflammatory response in the epithelial cells, rather than the inability to stimulate the host cells. 87 

 88 

 89 

RESULTS 90 

Inhibitory effects of SK1144 on secretion of inflammatory cytokines. Strain SK1144 91 

induced less IL-8 than did motile DAEC strains isolated from diarrheal patients (9). It is possible 92 

that SK1144 did not induce IL-8 secretion due to a defect in flagellin. To test this possibility, 93 

recombinant flagellin of SK1144 was used to inoculate TLR5 NF-B/SEAP-transfected HEK293 94 

cells; 16 h later, the culture supernatant was assessed by ELISA for cytokines. The amount of 95 

IL-8 induced by the recombinant SK1144 flagellin matched that obtained with purified 96 

Salmonella flagellin used as a positive control (Fig. 1A, Fig. S1). Previous work failed to detect a 97 

correlation (a) between the motility of motile DAEC strains and the induced level of IL-8 98 

secretion, or (b) between either the quantity or function of flagella and MBLI properties (10). In 99 

combination with our data, these results indicated that the lack of IL-8 induction by SK1144 does 100 

not reflect an organic abnormality in the flagellin encoded by this strain. Since the flagellin of 101 

SK1144 presumably still is able to serve as an inflammatory stimulus, we hypothesized that 102 

SK1144 may suppress the inflammatory reaction of epithelial cells. To test this hypothesis, the 103 

transfected HEK293 cells were inoculated with purified flagellin from SK1144 or Salmonella at 104 

3 h after the cells were infected with a bacterial strain, and the amount of IL-8 then was 105 

measured. Indeed, SK1144 cells significantly suppressed the flagellin-mediated induction of IL-8 106 

to a level as low as that seen in uninfected cells not exposed to flagellin. In contrast, culture 107 
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supernatants of epithelial cells exposed to flagellin and infected with V64 (a patient strain) or 108 

with HB101 (a laboratory strain) contained high levels of IL-8 (Fig. 1B, C). The attenuation of 109 

IL-8 secretion was not due to selective degradation of the cytokine in the culture medium by the 110 

SK1144, given that exogenous IL-8 (added directly into the medium) was quantitatively 111 

(overridingly) recovered from the culture medium of HEK293 cells infected with SK1144. (Fig. 112 

1D).  113 

Signaling pathways that regulate cytokine induction. We examined whether SK1144 114 

suppressed the transduction of the signal from TLR5. Although the pathways employed by tumor 115 

necrosis factor-alpha (TNF-α) and phorbol myristate acetate (PMA) to induce inflammatory 116 

reactions are distinct from the TLR5-mediated pathway that is used by flagellin, all of these 117 

pathways reportedly share NF-κB downstream signaling (11, 12). As seen for flagellin 118 

stimulation, the SK1144 strain suppressed IL-8 secretion in the transfected HEK293 cells 119 

stimulated by either TNF-α or PMA (Fig. 1E, F). Furthermore, expression of the secreted 120 

embryonic alkaline phosphatase (SEAP), an indicator of activation of NF-κB in the transfected 121 

HEK293 cells, was significantly suppressed by flagellin-SK1144 co-inoculation compared with 122 

expression in cells inoculated with flagellin alone (Fig. 1G). Similarly, SK1144 inoculation 123 

suppressed IL-8 production by HEp-2 cells exposed to each of the inducers (Fig. 1H). Effects on 124 

the secretion of interleukin 6 (IL-6), a representative inflammatory cytokine, also were assessed. 125 

Notably, SK1144 inhibited IL-6 induction in HEp-2 cells exposed to flagellin, TNF-α, or PMA 126 

(Fig. 1I); Intriguingly, even infection with Salmonella Enteritidis did not induce IL-8 or IL-6 127 

secretion when the epithelial cells had been previously infected with SK1144 (Fig. 1H and I). 128 

These results implied that SK1144 possibly suppressed cytokine induction by blocking NF-κB. 129 

Enhanced transcription of the IL-8 gene in HEK293 cells. The low-level IL-8 secretion 130 
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observed in epithelial cells infected with SK1144 might result from blockade of NF-κB activity. 131 

To test this possibility, the mRNA level of the IL-8 gene was compared between 132 

flagellin-stimulated epithelial cells cultured in the presence and absence of SK1144. Given that 133 

an inhibitory effect against IL-8 secretion was observed from the early hours (4–7 h) after 134 

exposure to flagellin (Fig. 2A); we inferred that SK1144 suppressed the transcription of IL-8. 135 

However, the level of IL-8 mRNA in the HEK293 cells inoculated with both SK1144 and flagellin 136 

was similar to or higher than that seen in cells inoculated with flagellin alone (Fig. 2B, Table S1), 137 

that is, in cells that produced high levels of IL-8 protein. These observations suggested that 138 

bacterial suppression of IL-8 secretion occurs at a post-transcriptional step, rather than through 139 

the NF-κB signaling pathway. 140 

Intracellular transport and secretion of IL-8. Since SK1144 inoculation did not decrease 141 

IL-8 mRNA, we tested whether SK1144 instead interfered with the transport and/or secretion of 142 

IL-8 protein. When HEK293 cells were treated with brefeldin A (BFA), an inhibitor of 143 

eukaryotic intracellular transport of secreted proteins, little IL-8 was detected in the culture 144 

supernatant unless the cells were disrupted by sonication (Fig. 3A). In contrast, the level of IL-8 145 

recovered from epithelia infected with SK1144 was low regardless of the ultrasonic disruption 146 

(Fig. 3A). Furthermore, fluorescent immunostaining revealed that HEK293 cells infected by 147 

SK1144 did not store IL-8 intracellularly (Fig. 3B). 148 

Translational control of IL-8 in the endoplasmic reticulum (ER) stress response. Since 149 

the observed block in IL-8 production did not reflect decreases in either transcription or 150 

transport, experiments were performed to examine whether the translation of IL-8 was prevented 151 

by SK1144 infection. We examined whether SK1144’s effects resulted from changes in protein 152 

synthesis at the ER. Thapsigargin (TG) and tunicamycin (TM) were used as ER stressors, and the 153 
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levels of C/EBP homologous protein (CHOP) and GRP78 (immunoglobulin heavy chain-binding 154 

protein, also known as BiP) were assayed as markers of ER stress (13). First, we tested whether 155 

ER stress was induced by SK1144. The results showed that transcription of the genes encoding 156 

BiP and CHOP was not increased by SK1144 infection, although the transcript levels of these 157 

markers were increased after the administration of the ER stressors (Fig. 4A, B). Next, ER 158 

stressors were assayed for suppression of IL-8 production. Notably, neither TG nor TM 159 

suppressed the level of IL-8 protein, in contrast to the suppression of IL-8 accumulation 160 

observed in SK1144-infected cells (Fig. 4C, D). These data indicated that IL-8 suppression by 161 

SK1144 is not due to the ER stress. 162 

Effect of timing of flagellin inoculation on the inhibition of IL-8 production. We tested 163 

how many hours it took SK1144 to sensitize HEp-2 cells for the inhibition of IL-8 secretion. 164 

HEp-2 cells were infected with the bacteria and then inoculated with flagellin immediately or 3 h 165 

later. Suppression of IL-8 production by SK1144 was not observed when bacteria and flagellin 166 

were added at the same time (Fig. 5A); in contrast, 3 h of pre-exposure to SK1144 suppressed 167 

flagellin-induced IL-8 production to a level similar to that seen in the absence of flagellin 168 

exposure. We hypothesized that SK1144 synthesizes the inhibitory effector de novo after 169 

recognizing the presence of HEp-2 cells, a theory that we tested by adding chloramphenicol to 170 

HEp-2 cells immediately or 3 h after inoculation with SK1144. Notably, IL-8 secretion was high 171 

when SK1144 organisms were treated with chloramphenicol at the time of inoculation. In 172 

contrast, when chloramphenicol was added 3 h after inoculation with SK1144, IL-8 secretion 173 

was suppressed (Fig. 5B). These data suggested that SK1144 produces the anti-inflammatory 174 

effector(s) de novo after infecting epithelial cells. 175 

   IL-8 suppression requires direct bacteria-cell contact. To determine whether IL-8 176 
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suppression by SK1144 is mediated by humoral factors, Transwell insert cups were used to 177 

prevent direct contact between SK1144 and HEK293 cells. IL-8 induction was similar to that in the 178 

positive control (flagellin only) when the SK1144 strain was inoculated into the cup (Fig. 6A). 179 

These results implied that the suppressive effect requires contact between the bacteria and host 180 

cells. The patient strain V64 caused high IL-8 secretion even without inoculation with Salmonella 181 

flagellin (Fig. 6A); thus, the V64 bacteria may secrete an inflammatory substance that can pass 182 

through the membrane filter of the Transwell (14). 183 

Separate experiments (without the Transwells) tested the effect of mutation of the SK1144 afa 184 

gene (Fig. S2A, B); the resulting mutant is unable to adhere to the host cells. As expected, the 185 

SK1144 Δafa strain showed no diffuse adhesion to the epithelial cells (Fig. 6B); nonetheless, the 186 

mutant bacteria still inhibited IL-8 secretion in both transfected HEK293 and HEp-2 cells (Fig. 187 

6C, D). Together, these data suggested that although direct bacteria-cell contact is pivotal for the 188 

IL-8 suppression by SK1144, intimate adherence is dispensable for this process. 189 

   Type-VI secretion system. Genome sequencing revealed that SK1144 possesses the type-VI 190 

secretion system (T6SS) that is reportedly used by bacteria to inject toxic proteins into 191 

eukaryotic cells (15, 16). Since SK1144 seemed to synthesize the anti-inflammatory effectors de 192 

novo after recognizing the presence of epithelial cells (Fig. 5), we examined whether the T6SS of 193 

SK1144 contributed to the inhibitory effect. A clpV deletion mutant (which lacks the T6SS 194 

ATPase) suppressed IL-8 secretion from the flagellin-stimulated epithelial cells (Fig. 6C, D; Fig. 195 

S2A, C). In contrast, a hcp deletion mutant (which lacks the T6SS needle shaft protein) yielded 196 

partial secretion of IL-8 from the flagellin-stimulated epithelial cells (Fig. 6C, D; Fig. S2D). The 197 

loss of the suppressive function of the hcp deletion mutant was completely recovered by 198 

complementing with hcp (Fig. 6E). These results suggested that Hcp itself is a candidate 199 



 

10 

 

anti-inflammatory protein (Fig. 7). 200 

 201 

DISCUSSION 202 

   The present study showed that DAEC strain SK1144, which was isolated from a healthy 203 

individual, actively suppresses the inflammatory response, presumably via one or more effectors. 204 

Intriguingly, the flagellin of SK1144, like Salmonella flagellin, induced high-level IL-8 secretion 205 

by HEK293 cells. The flagellin of SK1144 presumably has a normal structure, permitting the 206 

protein to be recognized by TLR5 and thereby inducing proinflammatory responses via the signal 207 

induction pathway. However, the prominent suppression due to SK1144 was evident based on the 208 

pronounced attenuation of flagellin-induced IL-8 production in cells infected by this organism. 209 

Although it has been reported that the Group-A streptococcus protease SpyCEP cleaves IL-8 to 210 

evade attack by neutrophils (17), SK1144 did not decrease the level of IL-8 added to the culture 211 

medium. Thus, this DAEC does not exert its effect by producing a protease that degrades IL-8. 212 

Neither flagellin, TNF-α, nor PMA caused IL-8 secretion from the epithelial cells upon 213 

infection by SK1144. Furthermore, the SK1144 strain inhibited IL-6 secretion in HEp-2 cells and 214 

SEAP production in transfected HEK293 cells, indicating that the observed suppression is not 215 

IL-8 specific. It was suggested that SK1144 may inhibit activation of NF-κB or the translocation 216 

of NF-κB, as many reports indicate that pathogenic bacteria can suppress the intracellular 217 

signaling cascade to disturb inflammatory reactions (18–20). Surprisingly, however, the level of 218 

IL-8 mRNA was not reduced by SK1144. Transcription-independent mechanism(s) might be 219 

involved. 220 

SK1144 did not prevent overexpression of the IL-8 transcript in infected cells exposed to 221 

flagellin, although the bacterium did suppress an increase of IL-8 protein accumulation in the 222 
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tissue culture medium. These results strongly suggested that SK1144 impedes cytokine secretion 223 

by interfering with post-transcriptional events rather than with the signal induction systems. The 224 

Shigella type-III effector IpaJ seems to inhibit cytokine secretion via the disruption of Golgi 225 

morphology during infection (21). In the present study, strain SK1144 also seemed to minimize 226 

accumulation in the Golgi of GM130 in a manner similar to that seen with BFA, a known 227 

inhibitor of ER-Golgi transport (Fig. 3B). However, intracellular IL-8 did not accumulate in 228 

epithelial cells infected with SK1144; in contrast, BFA stopped the secretion of IL-8 and resulted 229 

in the intracellular accumulation of high levels of IL-8. Chlamydia trachomatis in host cells 230 

triggers Golgi fragmentation around the replicative vacuole, which is necessary for lipid 231 

acquisition and intracellular growth of that bacterium (22). SK1144 may inhibit cytokine 232 

secretion by inhibiting Golgi as chlamydia do; however, unlike chlamydia, SK1144 is not an 233 

obligate intracellular organism. Thus, it appears that the reduced Golgi body is secondary to the 234 

suppression of protein synthesis in SK1144-infected HEK293 cells, just as the reduced Golgi 235 

body is secondary to decreased protein transport to the Golgi in BFA-treated cells. 236 

SK1144 may block cytokine synthesis at the translational level. Protein synthesis is 237 

reportedly suppressed under the condition of so-called ER stress. However, SK1144 disturbed 238 

IL-8 production in HEK293 cells without elevating ER stress markers. SK1144 may suppress 239 

cytokine synthesis using bacterial effectors that act independently of the endogenous ER stress 240 

response. Such effector(s) are presumably synthesized de novo in the bacterium after the DAEC 241 

recognizes the presence of epithelial cells. 242 

Many DAEC have afimbrial adhesins (Afa) that recognize the CD55 (decay-accelerating 243 

factor, DAF) marker expressed on the eukaryotic cell surface, facilitating bacterial attachment to 244 

the host cells (23); bacterial binding to this marker affects the growth of the host cells (24). 245 
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Blocking bacteria-to-cell contact by use of the Transwell apparatus eliminated the ability of the 246 

bacterium to suppress IL-8 secretion. This result suggested that DAEC must make direct contact 247 

with the host cells to suppress the inflammatory response. Interestingly, a SK1144 Δafa strain, 248 

which lacks the ability to adhere diffusely to host cells, still suppressed IL-8 secretion. These 249 

observations suggested that direct contact, but not strong adherence, is essential for SK1144’s 250 

suppression of the inflammatory response. 251 

Several species of bacteria are known to inject effector proteins into host cells by means of 252 

secretion systems that require contact between the bacterial and eukaryotic cells. Notably, 253 

enteropathogenic E. coli and enterohemorrhagic E. coli suppress the secretion of inflammatory 254 

cytokines by employing effectors injected into host cells via type-III secretion systems (25–27). 255 

Although the genome sequence of the SK1144 strain shows no genes for type-III secretion 256 

systems (data not shown), the organism does possess genes for a T6SS. Thus, SK1144 may 257 

employ a T6SS to deliver the effector(s) that decrease the IL-8 secretion. Notably, we found that 258 

a SK1144 ΔclpV mutant (lacking the T6SS ATPase-encoding gene) still suppressed IL-8 259 

secretion, while a SK1144 Δhcp mutant (lacking the T6SS needle shaft protein) was partially 260 

impaired for IL-8 suppression. The weakened suppression of IL-8 by the Δhcp mutant was 261 

complemented by a recombinant plasmid harboring an intact hcp. Intriguingly, recombinant Hcp 262 

from Aeromonas hydrophila has been shown to reduce bacterial uptake by macrophages, and to 263 

inhibit the production of proinflammatory cytokines while inducing immunosuppressive 264 

cytokines (28). Our results suggest that Hcp similarly may be involved in the DAEC-mediated 265 

suppression of IL-8 production. However, the Hcp1 protein of the meningitis-causing E. coli K1 266 

strain has been shown to induce IL-6 and IL-8 cytokine release in human brain microvascular 267 

endothelial cells (29). This last result is inconsistent with the data presented in the present work, 268 
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indicating that Hcp proteins may have both inhibitory and accelerant effects on the inflammatory 269 

responses in host cells. Further studies are in progress to determine whether the SK1144 Hcp 270 

protein is an effector of DAEC responsible for suppression of the inflammatory response in 271 

epithelial cells. 272 

In conclusion, strain SK1144, a representative DAEC isolated from a healthy carrier, impedes 273 

cytokine secretion. Hcp, a T6SS component, may play a role in interfering with cytokine 274 

production by the host at a post-transcriptional step. DAEC strains lacking this inhibitory 275 

mechanism(s) would be enteropathogenic for the inflammatory properties associated with DEC. 276 

Further elucidation of these effector(s) is expected to facilitate the assignment of DAEC strains 277 

to distinct diarrheagenic and non-diarrheagenic groups. These inhibitory strains may in turn be 278 

candidates for use as anti-inflammatory probiotic strains of E. coli capable of regulating the 279 

exaggerated inflammatory responses induced in the intestine by pathogenic strains. 280 

 281 

MATERIALS AND METHODS 282 

Bacterial strains. The DAEC strains consisted of SK1144 (an isolate from a healthy person) 283 

and V64 (an isolate from a diarrheal patient) (5, 8). These two strains were used as representative 284 

low-IL-8- and high-IL-8-inducing strains (respectively) (8, 9). HB101 (Takara Bio, Shiga, 285 

Japan), a laboratory strain of E. coli, served as the negative control. Salmonella enterica subsp. 286 

enterica serovar Enteritidis strain PT1, originally isolated from an outbreak patient, was used as 287 

an IL-8-inducing strain. Bacterial inocula were prepared by culturing the strains in Luria-Bertani 288 

Broth (LB broth, Becton Dickinson and Co., Speaks, MD) at 37°C overnight. BL21 (DE3) 289 

(Novagen, Madison, WI) was used as the protein-expressing strain. Bacteria were cultured in LB 290 

broth or on an LB-agar plate at 37°C overnight. Transformants were selected on an LB-agar plate 291 
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containing ampicillin (Amp, 100 μg/ml, Wako, Tokyo, Japan), chloramphenicol (Cm, 25 μg/ml, 292 

Wako), or kanamycin (Km, 50 μg/ml, Wako). The optical density of the medium at 600 nm 293 

(OD600) was measured to estimate colony forming units (CFUs). 294 

Epithelial cell line. HEp-2 cells were grown in Eagle's Minimal Essential Medium (EMEM, 295 

Nissui, Tokyo, Japan) containing 2 mM L-glutamine, 0.15% NaHCO3, 10% fetal bovine serum 296 

(FBS, Biosera, Nuaille, France) and Non-essential amino acids for MEM Eagle (MP biomedical, 297 

Irvine, CA). TLR5 NF-κB/SEAP-transfected HEK293 cells (IMGENEX, San Diego, CA), which 298 

were transfected already and used to test flagellin activity, were grown in Dulbecco's Modified 299 

Eagle Medium (DMEM, Nissui) containing 2 mM L-glutamine, 0.15% NaHCO3, 10% FBS, 500 300 

μg/ml G418 (Sigma-Aldrich, St. Louis, MO), 10 μg/ml blasticidin (InvivoGen, San Diego, CA), 301 

Non-essential amino acids for EMEM Eagle, and 1 mM sodium pyruvate (MP biomedical). Cells 302 

were grown in 25-cm
2
 polystyrene tissue culture flasks at 37°C in a 5% CO2 incubator. 303 

Stimulants. Flagellin purified from Salmonella Typhimurium (Novus Biologicals, Littleton, 304 

CO), tumor necrosis factor alfa (TNF-α, Wako), or phorbol 12-myristate 13-acetate (PMA, 305 

Wako) were inoculated with cells at 50, 100, or 2.5 ng/ml, respectively. The SK1144 flagellin 306 

gene (fliC) was amplified by PCR with a primer pair consisting of fliC_pet_f and fliC_p/c_r. The 307 

PCR product and plasmid vector (pET-30a, Novagen) were digested with restriction enzymes 308 

(BamHI, XhoI) and ligated together. The resulting plasmid (designated pET-1144fliC) was 309 

recovered by transformation into E. coli BL21 (DE3) with selection for kanamycin resistance. 310 

After induction with isopropyl-β-D-thiogalactopyranoside (IPTG, 1 mM, Takara Bio) for 6 h at 311 

25°C, His-FliC protein was purified using the His60 Ni Gravity Column Purification Kit (Takara 312 

Bio); purity was confirmed by demonstrating that the protein ran as a single band on SDS-PAGE. 313 

The SK1144 flagellin was inoculated to cells at 50 ng/ml or 400 ng/ml. 314 
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Cytokine induction test. HEp-2 and transfected HEK293 cells were seeded in 24- or 96-well 315 

tissue culture plates. When the cells achieved confluency (2 days), the tissue culture medium was 316 

replaced with fresh tissue culture medium containing D-mannose (1%, w/v) without FBS or 317 

antibiotics. Bacteria were grown in LB medium and the OD600 of the medium was measured. 318 

When the bacterial culture had achieved the desired density, bacteria were harvested by 319 

centrifugation. The resulting pellet was resuspended in cell culture medium containing 320 

D-mannose and adjusted by dilution to provide a bacteria-to-cell ratio of 100:1 and the mixtures 321 

were incubated at 37°C for 3 h in the CO2 incubator. Subsequently, individual stimulants were 322 

added to each culture, and the cells were incubated for another 19 h. The supernatant of the 323 

culture medium then was assessed by enzyme-linked immunosorbent assays (ELISAs) for IL-8 324 

and IL-6. IL-8 was measured using the Optimiser ELISA Kit (Siloam Biosciences, Cincinnati, 325 

OH). IL-6 was measured using the Human ELISA Kit (Invitrogen, Camarillo, CA). For the 326 

SEAP assay, culture supernatants of transfected HEK293 cells were harvested and analyzed 327 

using the Secreted Alkaline Phosphatase Reporter Gene Assay Kit (Luminescence) (Cayman 328 

Chemical Company, Ann Arbor, MI). 329 

mRNA transcription measurement. For the early experiments, transfected HEK293 cells 330 

were infected with bacteria and flagellin and incubated for 1, 4, or 7 h. For other experiments, 331 

SK1144, thapsigargin (TG, 1 µM, Wako, Osaka, Japan) or tunicamycin (TM, 10 µg/ml, Wako, 332 

Osaka, Japan) was administered to HEK293 cells 1 h before inoculation of the epithelial cells 333 

with SK1144 flagellin; the epithelial cells were sampled 5 h later. Total mRNA was extracted 334 

from the epithelial cells using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). After 335 

removal of genomic DNA by treatment with DNase (Qiagen), cDNA strands were generated with 336 

reverse transcriptase (Qiagen). The transcription levels of genes involved in TLR signaling were 337 
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assessed by the RT² Profiler PCR Array Human Toll-Like Receptor Signaling Pathway (Qiagen). 338 

IL-8-, BiP-, and CHOP-encoding genes were detected using QuantiTect SYBR® Green PCR 339 

Kits (Qiagen). Real-time PCR was performed with the StepOnePlus Real-time PCR system (Life 340 

Technologies, Gaithersburg, MD). Expression of target mRNA was normalized to the expression 341 

of a reference mRNA (actb, encoding the housekeeping protein β-actin), and the fold-change 342 

was calculated based on the ΔΔCt method (30). The sets of primers were as described in previous 343 

studies (31, 32). 344 

Intracellular cytokine measurement. To block Golgi transport, HEK293 cells were 345 

stimulated with flagellin for 7 h after a 1-h pre-incubation in the presence of brefeldin A (BFA, 346 

50 µg/ml, Wako) or SK1144 organisms. Following collection, the epithelial cells were sonicated 347 

on ice, and IL-8 in the centrifuged supernatant was measured by ELISA. 348 

Immunofluorescence microscopy. Transfected HEK293 cells were seeded on 4-well 349 

chamber slides (Thermo Fisher Scientific, Rochester, NY) and incubated for two days at 37°C in 350 

a 5% CO2 incubator. The spent medium then was replaced with fresh medium, and the cells were 351 

inoculated with SK1144, flagellin, or BFA and incubated for 3 h. Cells were washed with 352 

Dulbecco’s phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde/PBS for 15 353 

min at room temperature. Fixed cells were washed with PBS, then blocked and permeabilized 354 

with PBS containing 1% bovine serum albumin (BSA, Wako) and 0.2% Triton X-100 at room 355 

temperature for 1 h. The cells then were incubated with primary antibodies diluted in PBS 356 

containing 1% BSA at room temperature for 1 h, washed with PBS, and incubated with 357 

secondary antibodies and DAPI (1 µg/ml, Biotium, Hayward, CA) for 1 h at room temperature. 358 

IL-8 was stained with anti-IL-8 antibody (1:63 dilution, R&D) and detected with a secondary 359 

antibody (FITC-conjugated anti-mouse antibody; 1:100 dilution, Sigma-Aldrich). Golgi body 360 



 

17 

 

was stained with anti-GM130 antibody (clone: 35/GM130, BD Transduction Labs, San Jose, 361 

CA) and detected with a secondary antibody (Alexa Flour 647-conjugated anti-goat antibody; 362 

1:200 dilution, Abcam, Cambridge, MA). Stained cells were imaged using a FV1200 confocal 363 

scanning laser microscope (Olympus, Tokyo, Japan). 364 

Transwell test. Transfected HEK293 cells were seeded on a 24-well plate, and 6.5-mm 365 

Transwell inserts with 0.4-µm-pore-size membranes (Corning Inc., Corning, NY) were placed in 366 

the wells. When the HEK293 cells achieved confluence, bacterial strains were inoculated into the 367 

Transwell inserts, such that the bacteria did not come into direct contact with the HEK293 cells. 368 

After 3 h of incubation, flagellin was applied to the HEK293 monolayer (within the wells, not in 369 

the cups). Following incubation for another 19 h, the culture medium was recovered from the 370 

lower well, and the centrifuged supernatant was assayed by ELISA. 371 

Gene deletion. To construct the deletion mutants of afa (encoding afimbrial adhesin) or of 372 

clpV or hcp (encoding the ATPase and needle shaft (respectively) of the T6SS), we used the 373 

phage λ Red recombinase system (33). Using electroporation, the SK1144 strain was transformed 374 

with a temperature-sensitive plasmid, pKD46, that expresses the lambda recombinase, with Amp 375 

selection at 30°C, yielding a strain that was designated SK1144-pKD46. The cat 376 

(chloramphenicol acetyltransferase-encoding) gene was amplified by PCR using plasmid pKD3 377 

as the template. The set of primers is shown in Table S1. Amplified recombinant fragments were 378 

purified with the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). 379 

Electrocompetent SK1144-pKD46 cells were generated, electroporated with the purified 380 

fragments and selected on an LB-agar plate containing Cm. To delete cat from the 381 

chloramphenicol-resistant transformants of SK1144-pKD46, the SK1144-Cm
r
 mutants were 382 

electroporated with the temperature-sensitive plasmid pCP20 (34) expressing the Flp flippase, 383 
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and ampicillin-resistant transformants were selected at 30°C. For each strain, several colonies 384 

were picked and cultured at 43°C without antibiotics; the resulting bacteria were tested to 385 

confirm their sensitivity to both Cm and Amp. Single-gene recombinatorial deletion was 386 

confirmed using PCR. 387 

Gene complementation. To construct the complementation plasmid, the hcp gene was 388 

amplified using KOD FX Neo polymerase (Toyobo, Osaka, Japan) with SK1144 as the template; 389 

the set of primers is shown in Table S1. The pCold VI plasmid (Takara Bio) was digested with 390 

enzymes NdeI and EcoRI (Takara Bio). The digested plasmid was purified with Wizard SV Gel 391 

and the PCR Clean-Up System (Promega) before ligation with In-Fusion HD Enzyme (Takara 392 

Bio) for 15 min at 50°C. Ligation products were transformed into DH5α competent cells (Takara 393 

Bio). Transformants were selected on LB plates containing Amp and the presence of the insert 394 

was confirmed by performing colony PCR using the pCold-F and pCold-R primers. After 395 

confirmation, the desired clone was cultured overnight, and the plasmid was extracted with the 396 

PureYield Plasmid Miniprep System (Promega). The sequence of the DNA insert was 397 

determined using the pCold-F primer. This plasmid, which was designated pCold VI-hcp, was 398 

used to transform the SK1144Δhcp strain, yielding strain SK1144Δhcp-pCold VI-hcp. Prior to 399 

inoculation to the cell line, strain SK1144Δhcp-pCold VI-hcp was cultured for 3 h at 37°C in LB 400 

Amp, and then incubated for another 24 h at 16°C in fresh LB Amp containing 1 mM IPTG. 401 

Adherence test. Bacterial adherence to the epithelial cells was assessed as described 402 

previously (8). Briefly, after HEp-2 cells achieved confluence, bacteria were added, and the 403 

cultures were incubated for 3 h. Monolayers were washed with PBS and fresh EMEM was 404 

added. After further incubation for 3 h, the monolayers were washed with PBS, fixed with 405 

methanol, and stained with Giemsa. The cells were evaluated by BX53 light microscopy 406 
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(Olympus). 407 

Statistical analysis. Two-tailed t-test and analysis of variance (ANOVA) with post-hoc 408 

Tukey analysis were employed for the statistical analyses, which were performed with Microsoft 409 

Excel supplemented with the add-in software +Statcel 4 (OMS, Tokorozawa, Japan). P <0.05 410 

was considered significant. 411 

Whole-genome sequence. Complete genome sequencing and hybrid assembly were 412 

performed with Illumina MiSeq and PacBio RS II platforms. The genome sequences were 413 

automatically annotated using the Microbial Genome Annotation Pipeline (MiGAP, 414 

http://www.migap.org). The reported nucleotide sequence data are available in the DDBJ 415 

databases under the accession numbers AP018784 and AP018785. Sequence analysis of the 416 

T6SS encoding genes was performed with SecReT6 (http://db‐mml.sjtu.edu.cn/SecReT6/), a 417 

web-based resource for type-VI secretion systems (16). 418 

 419 

  420 
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Figure legends 529 

Fig 1. SK1144 inhibits IL-8 and IL-6 secretion in epithelial cells. (A) Flagellin from SK1144 530 

and Salmonella were inoculated on TLR5/SEAP-transfected HEK293 cells, and the secreted IL-8 531 

was assayed 16 h later. (B, C, E-G) E. coli organisms (V64 is a DAEC strain from a patient; 532 

HB101 is a laboratory strain used as the negative control) were inoculated to transfected 533 

HEK293 cells. Three hours later, the infected cells were inoculated with purified SK1144 534 

flagellin (B), Salmonella Typhimurium flagellin (C, G), TNF-α (E), or PMA (F). IL-8 secretion 535 

was measured by ELISA 19 h later. (D) SK1144 were incubated with TLR5/SEAP-transfected 536 

HEK293 cells for 16 h with (+) or without (-) IL-8 (1 ng/ml). (G) SEAP activity in the culture 537 

supernatants was assessed based on a colorimetric reaction. Symbols indicate exposure of 538 

transfected HEK293 cells to stimulatory material (+) or vehicle (-). Values are the mean ± 539 

standard deviation of three independent experiments (*P <0.05 **P <0.01 vs. uninfected (-), †P 540 

<0.05 ††P <0.01 vs. uninfected (+), ANOVA with post-hoc Tukey analysis). (H, I) After HEp-2 541 

cells were infected with SK1144 for 3 h, purified SK1144 flagellin, TNF-α, PMA, or Salmonella 542 

Enteritidis (SE, viable bacteria) were inoculated to the infected cells and culturing was continued 543 

for another 19 h. IL-8 (H) or IL-6 (I) secretion was measured by ELISA. HEp-2 cells were 544 

infected with the SK1144 strain (+) or with material only (-). Values are the mean ± standard 545 

deviation (n=3, *P <0.05 **P <0.01 ***P <0.001, Student’s t-test). 546 

 547 

Fig 2. Strain SK1144 does not suppress transcription of IL-8 in transfected HEK293 cells. 548 

Transfected HEK293 cells were inoculated with flagellin and SK1144, and then culture medium 549 

and total mRNA from the inoculated cells were collected 1, 4, and 7 h later. (A) The culture 550 

supernatant was assessed by ELISA for IL-8. (B) IL-8 mRNA was assessed by quantitative 551 
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RT-PCR. The continuous line indicates the cells stimulated only by flagellin. The dotted line 552 

indicates co-stimulation by SK1144 and flagellin. Values are the mean ± standard deviation (n=3, 553 

*P <0.05 **P <0.01 ***P <0.001, NS: not significant, Student’s t-test). 554 

 555 

Fig 3. HEK293 cells infected by the SK1144 strain do not retain intracellular IL-8. (A) At 1 556 

h after TLR5/SEAP-transfected HEK293 cells were infected with SK1144, purified recombinant 557 

SK1144 flagellin was added to the cells, and incubation was continued for another 7 h. Samples 558 

recovered without or with sonication (supernatant / whole cell + supernatant, respectively) were 559 

assessed by ELISA for IL-8. Values are the mean ± standard deviation (n=3, **P <0.01 vs. 560 

uninfected (-), ANOVA with post-hoc Tukey analysis). (B) After transfected HEK293 cells were 561 

cultured with SK1144, flagellin, or brefeldin A (BFA) for 3 h, the cells were fixed, stained by 562 

immunohistochemistry, and evaluated using confocal scanning laser microscopy. BFA was used 563 

to induce Golgi fragmentation. Fluorescence imaging was used to detect IL-8 (green), GM130 564 

(cis-Golgi marker, red), and cell nuclei (DAPI, blue). Scale bars, 5 μm. 565 

 566 

Fig 4. Inhibitory effect of SK1144 on IL-8 synthesis is independent of ER stress in HEK293 567 

cells. TLR5/SEAP-transfected HEK293 cells were cultured with SK1144, thapsigargin (TG), or 568 

tunicamycin (TM) for 1 h, and then cells were inoculated with purified recombinant SK1144 569 

flagellin and incubated for another 5 h. TG and TM were used to induce ER stress. Total RNA 570 

was purified from the cells and the expression of the genes encoding (A) BiP, (B) CHOP, and (C) 571 

IL-8 were assessed by quantitative RT-PCR, and the supernatants were assayed by IL-8 ELISA 572 

(D). Values are the mean ± standard deviation (n=3, *P <0.05 **P <0.01 vs. uninfected (-), 573 

ANOVA with post-hoc Tukey analysis). 574 
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 575 

 576 

Fig 5. Effect of timing of flagellin inoculation on SK1144-mediated inhibition of IL-8 577 

production. (A) After HEp-2 cells were infected with bacteria, flagellin was inoculated 578 

immediately (0h+) or three hours later (3h+). Sixteen hours later, culture supernatants were 579 

assessed by ELISA for IL-8. Values are the mean ± standard deviation of three independent 580 

experiments (**P <0.01 ***P <0.001 vs. uninfected (-), †P <0.05 ††P <0.01 vs. uninfected (+), 581 

Student’s t-test). Antecedent infection was required for SK1144 to suppress IL-8 production in 582 

HEp-2 cells. (B) After HEp-2 cells were inoculated with SK1144, flagellin (Fla), or 583 

chloramphenicol (Cm) was added immediately (0h treat) or three hours later (3h treat). Sixteen 584 

hours later, culture supernatants were assessed by ELISA for IL-8. Values are the mean ± 585 

standard deviation (n=3). Means with different letters are significantly different (**P <0.01 vs. 586 

nontreated group, ANOVA with post-hoc Tukey analysis). 587 

 588 

Fig 6. IL-8 secretion inhibition by SK1144 requires direct contact and a type-VI secretion 589 

system component (Hcp). (A) HEK293 cells were grown in 24-well plates, then the Transwell 590 

insert cups were inserted and bacteria were inoculated into the inserted cups. Salmonella flagellin 591 

was inoculated beneath the insert cup, i.e., where the HEK293 cells were cultured (+); (-) 592 

indicates that no flagellin was added. Values are the mean ± standard deviation (n=3, *P <0.05 593 

**P <0.01 vs. uninfected (-), †P <0.05 ††P <0.01 vs. uninfected (+), ANOVA with post-hoc 594 

Tukey analysis). (B) Adherence pattern of SK1144 on HEp-2 cells; in contrast to the wild-type 595 

(upper panel), the SK1144 Δafa strain did not adhere to HEp-2 cells (lower panel). (C-D) 596 

HEK293 (C) or HEp-2 (D) cells were infected with SK1144 or deletion mutants lacking the 597 
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genes that are responsible for adhesion or T6SS. Three hours later, flagellin from SK1144 was 598 

added (+) and cells were incubated for another 19 h. Values are the mean ± standard deviation of 599 

five (HEK293) or three (HEp-2) independent experiments (*P <0.05 **P <0.01 ***P <0.001 vs. 600 

uninfected (-), Student’s t-test). (E) The hcp-complemented strain was used to infect HEp-2 cells 601 

for 3 h before flagellin was added, and cells then were incubated for another 19 h. Values are the 602 

mean ± standard deviation of four independent experiments (**P <0.01 vs. uninfected (-) †P 603 

<0.05 ††P <0.01 †††P <0.001 vs. uninfected (+), Student’s t-test). 604 

 605 

Fig 7. Schematic of the hypothesized mechanisms of suppression of proinflammatory 606 

responses by DAEC strain SK1144. DAEC can dilate tight junctions, permitting flagellin to 607 

reaches TLR5 molecules located on the basolateral side of the epithelial cells. Subsequent 608 

signaling through the NF-κB pathway provides enhanced transcription of genes encoding 609 

proinflammatory cytokines. However, Hcp, a component of the T6SS needle shaft, employs an 610 

unknown mechanism to suppress the translation of the cytokine-encoding mRNAs. 611 

 612 

 613 
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