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Human oral isolate Lactobacillus 
fermentum AGR1487 induces a pro-
inflammatory response in germ-
free rat colons
Rachel C. Anderson1, Dulantha Ulluwishewa1,2,†, Wayne Young1, Leigh J. Ryan1, 
Gemma Henderson3, Marjolein Meijerink4, Eva Maier1,2, Jerry M. Wells4 & Nicole C. Roy1,2,5

Lactobacilli are thought to be beneficial for human health, with lactobacilli-associated infections being 
confined to immune-compromised individuals. However, Lactobacillus fermentum AGR1487 negatively 
affects barrier integrity in vitro so we hypothesized that it caused a pro-inflammatory response in 
the host. We compared germ-free rats inoculated with AGR1487 to those inoculated with another 
L. fermentum strain, AGR1485, which does not affect in vitro barrier integrity. We showed that rats 
inoculated with AGR1487 had more inflammatory cells in their colon, higher levels of inflammatory 
biomarkers, and increased colonic gene expression of pro-inflammatory pathways. In addition, our 
in vitro studies showed that AGR1487 had a greater capacity to activate TLR signaling and induce 
pro-inflammatory cytokines in immune cells. This study indicates the potential of strains of the same 
species to differentially elicit inflammatory responses in the host and highlights the importance of strain 
characterization in probiotic approaches to treat inflammatory disorders.

A dysfunctional intestinal barrier or loss of epithelial barrier integrity leads to inflammatory responses in the 
mucosa due to signaling via innate pattern-recognition receptors such as the Toll-like receptors (TLRs) recog-
nizing microbe-associated molecular patterns (MAMPS). If not resolved this leads to mucosal damage from host 
inflammation and a vicious cycle of barrier destruction and inflammation1–4. Despite the role of TLR activation 
in the induction of inflammatory responses, a ‘tonic’ level of constitutive TLR activation by commensal bacteria 
is considered to be crucial in the recovery from epithelial damage5. This was evident from studies in mice that 
are deficient in inhibitor of kappa B kinase gamma (Iκ B kinase-γ ; NEMO), which develop spontaneous colitis 
due to the failure of nuclear factor kappa B (NF-κ B) to induce epithelial repair and steady-state production of 
innate effector mechanisms in the intestine6. Additionally, TLR2 signaling has been implicated in tight junction 
regulation in vivo and in vitro7.

Lactobacilli are thought to be beneficial for human health, with many studies describing their use for treat-
ment and prevention of immune and intestinal disorders in vivo, including allergic diseases, chronic inflamma-
tory diseases and diarrhea8,9. The proposed mechanisms underlying the beneficial effects of lactobacilli on health 
include antagonism of pathogens, enhancement of intestinal epithelial barrier functions, and effects on immune 
cells and adaptive immunity depending on the probiotic strain10,11.

To date, there have been few reports of lactobacilli having an adverse effect on a healthy host. Lactobacilli are 
rarely associated with conditions such as endocarditis, bacteremia, and abscesses (less than 1 case per million indi-
viduals12); however, these generally occur in people with underlying health problems or immuno-compromised 
individuals13. A commonly used probiotic, L. rhamnosus GG, was isolated from patients with bacteremia14,15 and 
from a liver abscess16. However, despite the increased consumption of L. rhamnosus GG in probiotic foods, there 
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has not been an increase in lactobacilli-associated bacteremia17. Therefore, it is likely that the cases of L. rhamno-
sus GG infection are a result of the susceptibility of the individuals involved (mostly immuno-compromised) as 
opposed to any inherent detrimental characteristics of the strain.

Lactobacillus fermentum AGR1487 may be the first example of a lactobacilli strain with inherent undesirable 
effects on its host, particularly in relation to intestinal function. The human oral isolate AGR1487 was classified 
as belonging to the L. fermentum species based on its 16S rRNA sequence18. L. fermentum is a commensal species 
found throughout the human gastrointestinal tract. Lactobacilli found in human faeces can originate from the 
mouth19,20, indicating that this oral isolate may reside in the intestines of the individual from whom it was iso-
lated. AGR1487 was shown to increase intestinal epithelial barrier permeability in vitro, possibly by increasing 
the turnover of microtubules in the epithelial cells leading to tight junction disassembly21. In addition to reducing 
intestinal epithelial barrier integrity, the in vitro study also suggested that AGR1487 may have a pro-inflammatory 
effect21.

To test the hypothesis that AGR1487 induces a pro-inflammatory response in the host we compared it with 
another human oral isolate of L. fermentum, AGR1485, which does not alter epithelial barrier integrity in vitro21. 
The effects of AGR1485 and AGR1487 on TLR activation and dendritic cell function were investigated in vitro 
as well as their effects on the mucosa of mono-colonized germ-free rats. It was important to compare AGR1487 
inoculated rats to those inoculated with a similar strain, not to un-inoculated rats, because the differences 
between germ-free rats and rats colonized by any bacterium are vast.

Results
AGR1487 is more a potent inducer of TLR signaling than AGR1485. The ability of the two L. fer-
mentum strains to activate TLRs expressed in intestinal epithelial cells (i.e. 2/1, 2, 2/6 and 4) was measured. The 
HEK293 cell lines used expressed the human TLRs of interest and carried a luciferase reporter under control of a 
NF-κ B responsive promoter. The different reporter cell lines responded only to the specific agonists for the TLRs 
that were expressed in these cells (Pam2CSK4 for TLR2 and TLR2/6; Pam3CSK4 for TLR2/1; lipopolysaccharide 
(LPS) for TLR4). As expected, AGR1485 and AGR1487 did not induce NF-κ B in HEK293 cells carrying only the 
luciferase reporter under control of an NF-κ B responsive promoter. In contrast, both strains induced NF-κ B in 
HEK293 reporter cells expressing human TLRs 2/1, 2 and 2/6 (P <  0.05; Fig. 1A–C) compared to control medium, 
but not expressing TLR4 (Fig. 1D), showing they express microbe-associated molecular patterns (MAMPs) that 
bind to these receptors. The NF-κ B reporter activity was 2.4-fold greater for strain AG1487 than AGR1485 for 
TLR2/1 and TLR2/6, and 3-fold greater for TLR2 (P <  0.05).

AGR1487 has a greater capacity than AGR1485 to stimulate dendritic cell maturation and 
cytokine secretion. Human monocyte-derived immature dendritic cells were stimulated with AGR1485 
or AGR1487, and their maturation status and cytokine secretion profiles (IL12p70, IL10, IL6 and TNFα ) were 
measured. As expected, the dendritic cells responded to LPS (1 μ g/mL) by up-regulating expression of CD83, 
CD86, IL12p70, IL6, IL10, and TNFα  compared to control medium (Fig. 2). The percentage of dendritic cells 
that expressed the maturation markers CD83 and CD86 after stimulation with AGR1487 or AGR1485 were dose 
dependent; a dose of ten bacterial cells per dendritic cell caused a greater percentage of cells to express markers of 
maturation compared to a dose of one bacterial cell per dendritic cell (P <  0.05; Fig. 2A,B). AGR1487 stimulation 
led to 20% more maturation of the dendritic cells compared to AGR1485 (P <  0.05). Similarly, the concentration 
of the cytokines secreted by the dendritic cells was dependent on the dose of the bacteria, and those stimulated 
with AGR1487 produced higher amounts of all measured cytokines compared to those stimulated with AGR1485 
(Fig. 2C–F). For the lower treatment dose, the amount of pro-inflammatory IL12p70 secreted by dendritic cells 
in response to AGR1487 was ten-fold higher than that in response to AGR1485 (18.95 vs 1.77 ng/mL; P <  0.05); 
whereas, the amount of anti-inflammatory IL10 secreted was only 2.6-fold higher (13.84 vs 5.24 ng/mL; P <  0.05). 
Therefore, the IL10/IL12 ratio for AGR1487 was only 0.73, compared to 2.96 for AGR1485. This lower IL10/IL12 
ratio, along with the higher levels of TNFα , indicates that AGR1487 induced a more pro-inflammatory response 
than AGR1485.

AGR1485 and AGR1487 colonized the intestine of germ-free rats. In order to compare the effects 
of the strains in vivo, germ-free rats were inoculated with 109 bacterial cells of either AGR1485 or AGR1487 and 
monitored for two weeks before sampling. There were no differences in daily feed intake (AGR1485: 17.4 + /−  
SEM 0.5 vs. AGR1487: 16.6 + /−  SEM 0.5 g/day; P >  0.05) or overall weight gain (AGR1485: 34.4 + /−  SEM 6.9 vs 
AGR1487: 40.8 + /−  SEM 3.0 g/day; P >  0.05) between the treatment groups. Throughout the experiment all rats 
remained healthy (General Health Score of 5), with no visible differences in health status between the two treat-
ment groups. The concentration of colony-forming bacterial cells present in the rat feces during the experimental 
period, and in the caecum and colon contents at the end of the experimental period, were 1000-fold higher for 
those inoculated with AGR1487 compared to AGR1485 (AGR1487: 108 vs AGR1485: 105 colony forming units 
(CFU)/g; P <  0.05). There was a smaller difference in the concentration of viable bacterial cells between the treat-
ment groups in the ileum (AGR1487: 106 vs AGR1485: 105 CFU/g contents; P <  0.05) and there was no difference 
in the duodenum or jejunum (105 CFU/g contents; P >  0.05).

AGR1487 increased the number of macrophages and lymphocytes in the colon compared to 
AGR1485. Histological analysis of the rat duodenum, jejunum, ileum, caecum and colon tissues was per-
formed including evaluating the presence of immune cells (macrophages, lymphocytes and neutrophils) and 
physical damage (crypt hyperplasia, aberrant crypt, crypt injury, crypt loss, goblet cell loss, crypt abscess, 
sub-mucosal thickening, hyperchromatia and surface loss). Increased numbers of inflammatory cells were 
present in the colon of rats mono-associated with AGR1487 for two weeks than rats colonized with AGR1485 
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(P <  0.05; Fig. 3A), but there were no differences between treatment groups in the other intestinal tissues. There 
was a significant increase in the scores for macrophages and lymphocytes, indicating there were greater numbers 
of these cells, in the colon of AGR1487 colonized rats compared to the colon of AGR1485 colonized rats (P <  0.05; 
Fig. 3B). Higher numbers of neutrophils were counted in colon of AGR1487 colonized rats than AGR1485 colo-
nized rats but these were not significant. Lymphoid cell aggregates resembling solitary intestinal lymphoid tissues 
(SILT), which develop after birth under the continuous exposure to commensals as well as potential pathogens 
were observed only in the AGR1587 colonized rats only (typical images of the colon are given in Fig. 3C). There 
were no differences between treatment groups in the physical damage score for any of the tissues (treatment ×  tis-
sue effect P =  0.543).

AGR1487 increased the concentration of biomarkers of inflammation compared to 
AGR1485. The concentrations of two biomarkers of inflammation were measured: myeloperoxidase (MPO), 
which is abundantly produced in neutrophils and to a lesser extent in macrophages and dendritic cells, and serum 
amyloid A (SAA), which is a plasma marker of acute phase inflammation. The average MPO concentration was 
approximately twice as high in the colon tissue of the rats mono-associated with AGR1487 compared to those 
mono-associated with AGR1485 (P =  0.07; Fig. 3D). Similarly, the average plasma SAA concentration was about 
3.5 times higher in the rats mono-associated with AGR1487 compared to those mono-associated with AGR1485 
(P =  0.08; Fig. 3E). In the AGR1485 group, four out of six rats had plasma SAA concentrations lower than the 
limit of detection (5.79 ng/mL); whereas, for the AGR1487 group, this was observed for only one rat. Multivariate 
analysis of the histology and biomarker measures of inflammation (macrophages, neutrophils, lymphocytes, 
MPO and SAA) showed there were differences in levels of inflammation markers between the two treatment 
groups (P =  0.03), indicating that AGR1487 elicits a stronger pro-inflammatory response in vivo than AGR1485.

Figure 1. Effect of AGR1485 and AGR1487 on NF-κB activation via TLRs (A) 2/1, (B) 2, (C) 2/6 and  
(D) 4. HEK293 cells stably transfected with human TLRs and a reporter plasmid containing luciferase under the 
control of the human NF-κ B promoter were exposed to the bacteria treatments (10 bacterial cells per HEK293 
cell) for 4 hours and the resulting luminescence was measured. Values are the means + /−  SEM; n =  4 per 
treatment. The means were significantly different if the lower case letters were not shared between treatments 
(P <  0.05).
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AGR1487 and AGR1485 had distinct effects on gene expression in the colon. Microarray anal-
ysis was carried out to compare the gene expression profiles in response to the two bacterial treatments in the 
rat colon. The data have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO 
Series accession number GSE58777. AGR1485 and AGR1487 had distinct effects on gene expression rat colon, as 

Figure 2. Effect of AGR1485 and AGR1487 on dendritic cell maturation and cytokine production. Human 
monocyte-derived immature dendritic cells were exposed to the bacteria treatments (1 or 10 bacterial cells per 
dendritic cell) for 48 hours. The resulting dendritic cell maturation markers (A) CD83 and (B) CD86, as well as 
the secretion of cytokines (C) IL12p70, (D) IL10, (E) IL6 and (F) TNFα , were measured. Values are the means 
+ /−  SEM; n =  5 donors per treatment. The means were significantly different if the lower case letters were not 
shared between treatments (P <  0.05).
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Figure 3. Measures of inflammation in intestinal samples from germ-free rats inoculated with AGR1485 
or AGR1487. (A) Total inflammation scores for each intestinal tissue; (B) Individual inflammation scores for 
each feature in the colon; (C) Typical images of colon samples of rats inoculated with AGR1485 or AGR1487; 
(D) Concentration of myeloperoxidase (MPO) in colon tissue; (E) Concentration of serum amyloid A (SSA) in 
plasma samples. Values are the means + /−  SEM; n =  6 per treatment. *P <  0.05 between treatments. #P <  0.10 
between treatments.
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illustrated by the separation of the treatment groups in the partial least squares discriminant analysis (PLS-DA) of 
the gene expression profiles (Fig. 4A). Sixty-nine genes were differentially expressed (fold-change > 1.5; P <  0.01) 
between the AGR1485 and AGR1487 treatment groups (Supplementary Table S1).

AGR1487 altered expression of small molecule transport and metabolism, and nervous system 
development pathways in the colon. The biological roles of the colon genes that were differentially 
expressed between treatments were examined using a range of analyses. Over-representation analysis showed 
that differentially expressed genes between treatment groups were over-represented in 46 gene ontology bio-
logical processes, with 54% of those being related to ‘cellular response to glucocorticoid stimulus’ (Fig. 4B and 
Supplementary Figure S1). Other processes were associated with ‘negative regulation of response to food’, ‘fatty 
acid omega-oxidation’ and ‘cell-substrate junction assembly’. Of the top 10 IPA canonical pathways enriched with 
differentially expressed genes in the colon, four and two pathways were associated with small molecule degra-
dation and biosynthesis, respectively (Table 1). The others were associated with cellular proliferation, synapse 
transmission and immune signaling, including NF-κ B signalling. Based on the changes in gene expression, IPA 
predicted two upstream regulators to be altered in the colon of rats mono-associated with AGR1487 compared 
to those associated with AGR1485; insulin 1 was predicted to be inhibited (activation score − 2.219; P =  0.002) 

Figure 4. Analysis of gene expression of colon samples from rats mono-associated with AGR1485 
versus AGR1487. (A) Plot showing the Partial Least Squares Discriminant Analysis (PLS-DA) of the gene 
expression profiles for genes showing the greatest variation in expression (top 5% coefficient of variation). The 
dots represent the individual samples in each treatment group. (B) Summary of the gene ontology biological 
processes that were significantly over-represented among genes differentially expressed between treatment 
groups. The bar graphs show the percentage of genes that were differentially expressed in the given biological 
process and the numbers at the end of the bars are the number of differentially expressed genes. Biological 
processes that are related are shown in the same color. The pie chart shows the proportion of the biological 
process that belong to each group.
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and IL6 was predicted to be activated (activation score 2.384; P =  0.012). Overall the gene expression analysis 
supports the idea that AGR1487 induced a pro-inflammatory response.

Discussion
In agreement with the hypothesis that AGR1487 would be more pro-inflammatory than AGR1485, it was found 
that colon of rats colonized with AGR1487 had greater inflammatory cell scores, including increased numbers 
of macrophages and lymphocytes, than the colon of rats colonized with AGR1485. The AGR1487 treated rats 
also had increased amounts of colonic MPO and plasma SAA, both biomarkers of inflammation. Although the 
differences in MPO and SAA between treatment groups were a trend (P <  0.1), this was likely due to the limited 
number of rats (6 per treatment) that were feasible to house in the germ-free isolators.

A greater number of AGR1487 bacterial cells were present in the in the rat ileum, caecum and colon than 
AGR1485. This was expected based on previous in vitro studies showing AGR1487 had increased tolerance to 
gastrointestinal conditions (bile salts and low pH)22. It is unlikely that the increased pro-inflammatory response 
to AGR1487 in the colon was solely due to the fact that more bacterial cells were present because histological signs 
of inflammation were not observed in the caecum where AGR1487 was present in greater numbers compared to 
the colon. Localization of inflammation to the colon is a known phenomenon. For example, mice lacking Muc2 
and secreted mucus develop colitis but no pathology in the ileum due to the lower abundance of bacteria in the 
small intestine and induction of the IL-22 pathway of genes regulating barrier function and innate defences23.

Analysis of the colon tissue gene expression supported the histology and biomarker data suggesting an 
increased pro-inflammatory response in the presence of AGR1487. For example, there was increased expression 
of genes involved in ‘CREB phosphorylation through the activation of Ras’, which is known to activate p38 MAPK 
signaling24, in rats colonized with AGR1487. Similarly, genes involved in ‘NF-κ B Signalling’ were differentially 
expressed between treatment groups as expected based on the TLR activation assay results. In addition, IL6, 
which is thought to play a crucial role in intestinal inflammatory disorders25,26, was predicted to be ‘activated’ in 
the colon of rats inoculated with AGR1487 (compared to AGR1485). This cytokine was also secreted in higher 
amounts by dendritic cells stimulated with AGR1487 compared to AGR1485 in vitro.

Furthermore, the majority of colon genes differentially expressed between treatments were over-represented 
in the ‘cellular response to glucocorticoid stimulus’ biological process. This analysis showed that the pathway 
was changed between treatments, but not the direction of the change by a specific treatment. Glucocorticoids 
are inhibitors of inflammation and are commonly used to treat inflammatory conditions by balancing out 
pro-inflammatory cytokine production27. Thus the observed differential gene expression could potentially be 
indicating differences in inflammatory responses of AGR1485 and AGR1487 in the rat colon.

The TLR signaling and dendritic cell phenotype assays support the claim that AGR1487 elicits a 
pro-inflammatory response in the host. The differential capacities of the strains to elicit inflammatory responses 
is likely to be due to differences in their surface structures as antibiotics were included in the tissue culture 
medium to prevent growth and production of metabolites. AGR1487 induced greater activation of both TLR2/1 
and TLR2/6 than AGR1485. This does not confirm that AGR1487 has a negative effect on the host; in fact, in the 
intestine TLR2 activation is necessary for epithelial repair5. The association between TLR2 activation, p38 MAPK 
signaling and tight junction integrity is not fully understood. Stimulation of the TLR2 pathway leads to activation 
of specific protein kinase C isoforms in vitro, ultimately leading to the sealing of tight junctions and an increase 
in TEER28 or prevention of tight junction disruption7. Although AGR1487 activated TLR2, the strain disrupted 
tight junctions and caused a decrease in TEER of epithelial cell monolayers21. Caco-2 cells treated with AGR1487 
had higher expression levels of genes involved in the p38 MAPK signalling pathway, which leads to tight junction 
disruption29. Given that p38 MAPK signalling is activated by TLR2 stimulation, this highlights how TLR2 likely 
plays multiple roles depending on the stimulus and co-receptor.

IPA Canonical Pathways P-value Ratio

RAR Activation 0.002 0.023

Retinoate Biosynthesis I 0.004 0.061

Ethanol Degradation II 0.004 0.061

Noradrenaline and Adrenaline 
Degradation 0.005 0.057

S-adenosyl-L-methionine Biosynthesis 0.009 0.333

EGF Signalling 0.011 0.036

Arginine Degradation I (Arginase 
Pathway) 0.013 0.250

Serotonin Degradation 0.013 0.033

NF-κ B Signalling 0.014 0.017

Agrin Interactions at Neuromuscular 
Junction 0.017 0.029

Table 1.  The top ten Ingenuity Pathway Analysis (IPA) ‘Canonical Pathways’ enriched with differentially 
expressed genes in the colon of rats mono-associated with AGR1487 compared to rats mono-associated 
with AGR1485. The ratio indicates the number of differentially expressed genes that map to the pathway 
divided by the total number of genes that map to the canonical pathway.
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Collectively the data indicate that AGR1487 induces a pro-inflammatory response but it is unclear whether 
this is detrimental to the host or part of the natural intestinal maturation process. The General Health Score of the 
rats mono-associated with AGR1487 did not decrease over the course of the study. This may be due to the short 
duration of the study (2 weeks) not being long enough for indicators of poor health to be observed, or it may be 
that the low level inflammation alone is not enough to cause observable deteriorations in health status. The lym-
phoid structures in the colonic mucosa of AGR1487 colonized rats resembled SILT, and there was no associated 
crypt damage that is typical of colitis. The development of SILT structures in the colon has only recently been 
reported and was shown to be dependent on TLR and MyD88 signaling30, which were activated by AGR1487. 
SILT development is dependent on lymphotoxin a, which was not differentially expressed between the treatment 
groups; however, gene expression does not always correlate with protein expression.

It is possible that the effect of AGR1487 is dependent on the genotype and phenotype of the host. As an 
example of this, the segmented filamentous bacteria (SFB) are thought to play a critical role in appropriate 
intestinal immune maturation by inducing a multifaceted immune response31–33. However, SFB are also asso-
ciated with auto-immune responses in genetically-susceptible hosts34,35. One of the limitations of the present 
study is that the effect of the bacteria were tested in isolation with one rat genetic background. Future studies 
could investigate whether AGR1487 causes a similar low level inflammatory response in rodents colonized with 
specific-pathogen-free microbiota and with different genetic backgrounds, or germ-free mice colonized with a 
human microbiota.

In conclusion, this research showed that AGR1487 elicits a stronger pro-inflammatory response than 
AGR1485 in the colon of mono-colonized germ-free rats. These phenotypic changes were supported by transcrip-
tomic analysis of rat colon tissue which indicated that, compared to AGR1485, AGR1487 increased the rat colon 
expression of gene pathways involved in various inflammation processes including those related to the cytokine 
IL6. In addition, the in vitro studies gave further insights into the mechanism of the adverse effect of AGR1487. 
AGR1487 has greater capacity to activate TLR signaling, which reinforced previous data showing that the intesti-
nal epithelial genes involved in MAPK signaling were up-regulated by this bacterium. Furthermore, compared to 
AGR1485, AGR1487 induced more dendritic cells to mature resulting in higher cytokine production, including 
higher pro-inflammatory TNFα  production and a lower IL10 to IL12 ratio. To build on this knowledge, current 
research is comparing the genome sequences of the two strains (AGR1485 and AGR1487) to identify differences 
that may be responsible for the contrasting effects. This study indicates the potential of strains of the same species 
to differentially elicit inflammatory responses in the host and highlights the importance of strain characterization 
in probiotic approaches treat inflammatory disorders. In the long term this research will increase the understand-
ing of the complex host-microbe interactions in the human intestine that influence inflammatory responses in 
the host.

Methods
Bacterial strains. The two bacterial strains used in this research were isolated from saliva swabs of adult 
human volunteers as previously described18. Ethical approval from the New Zealand Health and Disability 
Committee was not required due to the non-invasive nature of the sampling and the healthy status of the vol-
unteers. Written consent for collection and use of the samples for research purposes was obtained from the vol-
unteers. AGR1485 was isolated from a healthy individual and AGR1487 was isolated from a then apparently 
healthy individual who was later diagnosed with inflammatory bowel disease (IBD). For the experiments, the 
two bacterial strains were inoculated from frozen stocks onto de Man, Rogosa and Sharpe (MRS) agar (Difco) 
and grown for 48 hours in 5% CO2 at 37 °C. Single colonies were inoculated into primary MRS broths and grown 
for 24 hours in 5% CO2 at 37 °C, before 100 μ L of the primary broth was inoculated into the secondary broth and 
grown overnight in 5% CO2 at 37 °C to ensure the bacteria were in stationary phase.

TLR activation assay. The human embryonic kidney cell line, HEK293, was stably transfected to express 
human TLRs (TLR2, TLR2/1, TLR2/6 or TLR4) and to carry a reporter plasmid containing the luciferase gene 
under the control of the human NF-κ B promoter (pNiFty2-Luc, Invivogen). The HEK293-TLR-Luc cell lines 
were seeded into transparent-bottomed black 96-well plates at a density of 6 ×  104 cells/well in 200 μ L DMEM 
glutamax +  Glucose (Invitrogen) containing 10% v/v heat inactivated fetal bovine serum (FBS), 0.5% v/v 
penicillin-streptomycin solution (Invitrogen, Breda, the Netherlands), 10 μ g/mL blasticidin (Invivogen) and 
250 μ g/mL zeocin (Invivogen), and incubated at 37 °C with 5% CO2 overnight until approximately 80% con-
fluence. The medium was removed and 200 μ L of the following stimulations were added (n =  4 per treatment): 
control media, TLR-ligand positive control (5 ng/mL Pam2CSK4 for TLR2 and TLR2/6; 5 ng/mL Pam3CSK4 
for TLR2/1 and 25 ng/mL LPS for TLR4), AGR1485 and AGR1487. Ten bacterial cells were added per 
HEK293-TLR-Luc cell. The HEK293-TLR-Luc cells were incubated with the treatments for 4 hours, then 120 μ L 
of the solution was removed and 100 μ L of Bright-Glo substrate (Promega) was added. The plate was shaken for 
5 minutes at 500 rpm, then the luminescence was measured (top read; 750 ms integration time). HEK293 cells 
transfected with only the pNiFty2-Luc plasmid did not respond to Pam2CSK4, Pam3CSK4 nor LPS, demonstrat-
ing the dependency of NF-κ B activation on co-expression of the different receptors.

Dendritic cell maturation and cytokine production assays. The study was approved by Wageningen 
University Ethical Committee and was performed according to the principles of the Declaration of Helsinki. 
Buffy coats from five individual blood donors were obtained from the Sanquin Blood bank Nijmegen (The 
Netherlands). Informed consent was obtained before the sample collection. Human peripheral blood mononu-
clear cells (PBMCs) were isolated from the buffy coat using a Ficoll density centrifugation, followed by CD14+ 
monocytes were separation using antibody coated microbeads (Miltenyi Biotec) as previously described36. To 
generate immature dendritic cells, approximately 106 CD14+ cells/well were cultivated in RPMI 1640 containing 
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10% FBS gold (PAA), 1% penicillin-streptomycin, 50 ng/mL IL-4 (R&D systems) and 50 ng/mL granulocyte 
macrophage-colony stimulating factor (GM-CSF; R&D systems) in a 24-well plate at 37 °C in 5% CO2 for 6 days. 
On days 3 and 6, half of the medium was refreshed. On day 6 the immature dendritic cells were treated with 
control media, 1 μ g/mL LPS (positive control), AGR1485 1:1 (1 bacteria cell per dendritic cell), AGR1485 10:1 
(10 bacteria cells per dendritic cell), AGR1487 1:1 or AGR1487 10:1. The treated dendritic cells were incubated at 
37 °C in 5% CO2 for 48 hours. After treatment the cells and culture media were harvested for analysis.

To assess the maturation status of the dendritic cells, the cells were stained with specific monoclonal antibod-
ies to CD83, CD86 or their isotype-matched controls (BD Biosciences) for 30 min on ice, washed and analyzed by 
flow cytometry (FACSCanto II, BD Biosciences). The flow cytometry data were analyzed using the BD FACSDiva 
software. To assess the production of cytokines by the stimulated dendritic cells, the cell supernatants were ana-
lyzed for the presence of IL12p70, IL10, IL6 and TNFα  using a cytometric bead-based immunoassay that enables 
multiplex measurements of soluble cytokines in the same sample, according to the manufacturer’s protocol (BD 
Biosciences). The cytokine concentrations were calculated using the BD FCAP software.

Mono-associated rat experiment. This rodent experiment was approved by the AgResearch Grasslands 
Animal Ethics Committee (Palmerston North, New Zealand; AEC 12504) in accordance with the New Zealand 
Animal Welfare Act 1999. Twelve female germ-free JCL:Wistar rats between 7 and 8 weeks of age were obtained 
from Japan SCL Inc (Tokyo, Japan) and transported to New Zealand in germ-free transport containers. On arrival 
the rats were transferred to individual cages in two separate sterile isolators (Semi-Rigid Isolator, purchased from 
Charles River Laboratories, manufactured by Britz & Co) using standard operating procedures (n =  6 per isola-
tor). The rats underwent an adaptation period of 7 days prior to inoculation via oral gavage. Each rat was given 
approximately 109 bacterial cells of either AGR1485 or AGR1487.

Throughout the experiment the rats were fed sterile standard rat chow (AIN-76a, Research Diets Inc) and 
water ad libitum. All consumables and equipment were sterilized prior to entering the isolators; food and most 
husbandry items were irradiated and water was autoclaved. Each day, rats were checked for the presence of loose 
stools or blood in feces (an indication of intestinal inflammation) and the General Health Score (commonly used 
criteria for rating rat wellness in a range from 1 (very ill) to 5 (healthy)) was recorded37. The rats were weighed 
three times a week. For each rat the overall weight gain was calculated using the following equation: final live 
weight (14 days after inoculation) – initial live weight (day of inoculation). Additionally, mean daily food intake 
was calculated as the total food intake/number of days.

Fourteen days after inoculation the rats were removed from the isolators, and euthanized by CO2 asphyxi-
ation and cervical dislocation. Intestinal tissue samples (duodenum, jejunum, ileum, caecum and colon) were 
immediately collected post mortem and rapidly frozen in liquid nitrogen, or fixed in formalin and stored at room 
temperature, until analysis. Intestinal contents samples were processed within 1 hour of collection.

Fecal and intestinal contents viable bacteria concentrations. Fecal pellets were collected 3, 4, 6, 8, 
10 and 13 days after inoculation with the test bacterial strains. Duodenum, jejunum, ileum, caecum, and colon 
contents were collected during animal sampling 14 days after inoculation with the test bacterial strains. The fecal 
pellets and intestinal contents were suspended in sterile PBS solution (Gibco) at a dilution of 1/10 (w/v) and 
mixed using a vortex. Duplicate ten-fold serial dilutions of the bacterial solutions were made in 96-well plates for 
each sample. Three 20 μ L spots of each dilution were pipetted onto MRS agar, allowed to dry and then incubated 
overnight in 5% CO2 at 37 °C. Spots with between 10 and 100 colonies were counted and the colony forming units 
(CFU) were calculated.

Histological scoring of intestinal tissues. For each intestinal tissue sample (duodenum, jejunum, ileum, 
caecum, and colon) histological signs of damage and inflammation were assessed. The tissue samples were fixed 
in 10% formalin at tissue sampling and stored at room temperature. The samples were embedded in paraffin and 
sectioned to 5 μ m, and then stained with haematoxylin and eosin for examination. The stained sections were 
assessed for signs of immune cell infiltration (macrophages, neutrophils, and lymphocytes) and physical damage 
(crypt hyperplasia, aberrant crypts, crypt injury, crypt loss, goblet cell loss, crypt abscess, lymphoid aggregates, 
sub-mucosal thickening, hyperchromasia, and surface loss) by an individual blinded to the treatments. Each 
parameter was scored out of 10 (1= low; 10= high).

Biomarker analysis. Colonic MPO and plasma SAA concentrations were determined using ELISA kits 
(CUSABIO; CSB-E08722r and CSB-E08590r) according to the manufacturer’s instructions. The colon samples 
were homogenized in PBS buffer at a concentration of 100 mg tissue/mL. Two freeze-thaw cycles were performed 
to break the cell membranes, then the homogenates were centrifuged at 5000 ×  g. The supernatant was removed 
and used for the assay. The detection limits were calculated to be 2.88 ng/mL for MPO and 5.97 ng/mL for SAA 
(mean plus two standard deviations of blanks).

Whole genome expression analysis. Colon samples were homogenized in buffer RLT (Qiagen, 
California, USA) and total RNA was extracted using an AllPrep DNA/RNA/Protein Mini Kit (Qiagen) as per the 
manufacturer’s protocol. The RNA quantity and purity was determined using a Nanodrop ND-1000 spectropho-
tometer (Nanodrop Technologies) and an RNA 6000 NanoLabChip kit with an Agilent 2100 Bioanalyzer (Agilent 
Technologies). All samples had an OD260nm/OD280nm ratio greater than 2.0, a Bioanalyzer 28 s/18 s peak ratio 
greater than 1.5, and a RNA integrity number (RIN) greater than 8. Global gene expression profiles of the tissue 
samples were analyzed using Agilent Technologies 44k whole rat genome oligonucleotide arrays according to the 
manufacturer’s instructions (Two-Color Microarray-Based Gene Expression Analysis (Quick Amp Labeling), 
Version 5.7, March 2008, Agilent Technologies). Samples were hybridized to the microarrays using a reference 
design, where samples labelled with Cy3 were competitively hybridized with a reference RNA labelled with Cy5. 
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The microarray slides were scanned using a DNA Microarray Scanner G2565CA (Agilent Technologies) accord-
ing to the manufacturer’s instructions. Differentially expressed genes between the two treatment groups were 
identified by an Empirical Bayes modified T-statistic using the limma package (version 3.18.13, Smyth, 2004) 
in R (version 3.0.1; R Foundation for Statistical Computing, Vienna, Austria). Genes that exhibited a log2 fold 
change > 0.58 (representing a fold change of approximately 1.5 time) and a P <  0.01 were determined to be dif-
ferentially expressed. Partial least squares discriminant analysis (PLS-DA) of genes showing the greatest variation 
in expression (top 5% coefficient of variation) was performed using the mixOmics package (version 5.0-1) for R. 
Over-representation analysis of differentially expressed genes were performed using the ClueGO application (ver-
sion 2.1.1) in Cytoscape (version 3.1). In addition, differentially expressed genes were clustered into functional 
groups and pathways using Ingenuity Pathway Analysis (IPA version 7.1; Ingenuity Systems Inc., Redwood City, 
CA, USA; www.ingenuity.com). Fisher’s exact test was used to calculate a P-value determining the probability 
that the association between the differentially expressed genes and the canonical pathway is explained by chance 
alone. The IPA transcription factor analysis identified transcription factors that could explain observed gene 
expression changes.

Statistical analysis. All of the statistical analyses, other than that gene expression analysis, were completed 
using Genstat (v15.3). For the majority of the experiments, treatments were compared using a one-way ANOVA. 
The TLR assay luminescence values and the dendritic cell secreted cytokine concentrations, and the SAA con-
centrations were transformed (log(x +  1)) prior to analysis. For the feces and intestinal contents bacterial cell 
concentrations, and the histological analysis, treatments were compared using a two-way ANOVA (treatment 
and day as parameters for the feces samples, and treatment and tissue as parameters for the intestinal contents 
and histology samples). The macrophage, neutrophil and lymphocyte histology scores and the MPO and SAA 
biomarker concentrations were analysis collectively using MANOVA. Statistical difference was declared between 
two treatments where the difference in means was greater than the LSD at 5% and a trend was declared where the 
difference in means was greater than the LSD at 10%.
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