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REVIEW REVIEW

Introduction: Probiotic Modulation  
of Host Signaling Pathways

Commensal microbes in the gastrointestinal tract play an essential 
role in nutrition and food digestion.1 These microbes also impact 
metabolism, endocrinology, proper gut development and regula-
tion of the immune system.2-4 Probiotics provide opportunities 
to apply beneficial microbes in specific human health and clini-
cal applications. By modifying the microbial community within 
the gut, we may be able to prevent or treat gut disorders such 
as inflammatory bowel disease (IBD) and irritable bowel syn-
drome (IBS) as well as systemic disorders like eczema, allergies, 
asthma and diabetes.3-10 According to the Food and Agricultural 
Organization of the United Nations and the World Health 
Organization, probiotics are “Live microorganisms, which, when 
consumed in adequate amounts, confer a health benefit on the 
host.”11 Numerous studies in mice and humans have already 
shown how a single probiotic strain or combinations of strains 
may modulate gut function and ameliorate disease. Many of 
these studies have yielded promising results regarding the use of 
probiotics in the treatment of acute gastroenteritis, Clostridium 
difficile-associated diarrhea or colitis, irritable bowel syndrome, 
necrotizing enterocolitis, and others.5 At the same time, other 
studies have shown either no effect or minimal effects by pro-
biotics.12,13 Such negative data could be due to lack of efficacy of 
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The intestinal microbiota includes a diverse group of functional 
microorganisms, including candidate probiotics or viable 
microorganisms that benefit the host. Beneficial effects of 
probiotics include enhancing intestinal epithelial cell function, 
protecting against physiologic stress, modulating cytokine 
secretion profiles, influencing T-lymphocyte populations, and 
enhancing antibody secretion. Probiotics have demonstrated 
significant potential as therapeutic options for a variety of 
diseases, but the mechanisms responsible for these effects 
remain to be fully elucidated. Accumulating evidence 
demonstrates that probiotics communicate with the host 
by modulating key signaling pathways, such as NFκB and 
MAPK, to either enhance or suppress activation and influence 
downstream pathways. Beneficial microbes can profoundly 
alter the physiology of the gastrointestinal tract, and 
understanding these mechanisms may result in new diagnostic 
and therapeutic strategies.
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exposure of IECs to Lactobacillus rhamnosus GG ATCC 53103 
(LGG) cell-free conditioned media induced expression of hsp25 
and hsp72. Evidence indicates that hsp induction by probiot-
ics is transcriptionally regulated. For example, LGG activated 
MAPKs p38 and JNK to induce heat shock transcription fac-
tor 1 and increase mRNA levels of hsp25 and hsp72. Selective 
inhibitors of these MAPKs prevent hsp72 induction by LGG 
but not hsp25, suggesting that multiple mechanisms may be 
involved.27 Induction of hsp25 and hsp72 in IECs also occurred 
when cells were treated with conditioned media from VSL#3, a 
cocktail of four Lactobacillus species (not including LGG), three 
Bifidobacterium species, and one Streptococcus strain. Similar to 
LGG, VSL#3 regulates hsp gene expression by induction of heat 
shock transcription factor 1.28 A third probiotic, Bacillus subti-
lis JH642, produces a quorum-sensing pentapeptide known as 
competence and sporulation factor (CSF) that induces hsp27 in 
an IEC culture model, and hsp25 and hsp70 in an ex vivo intes-
tinal preparation. CSF can also stimulate cell survival by phos-
phorylation of p38 and protein kinase B (Akt).30 Finally, a study 
looking at Bacteroides fragilis ATCC 23745 demonstrated that 
this bacteria induces expression of hsp25 and hsp72 in IECs by a 
yet undefined mechanism.29 Induction of heat shock proteins by 
these various probiotic strains may allow host IECs to overcome 
insults and stressors that would be detrimental in the absence of 
this mutualistic relationship.

Modulation of inflammatory signaling pathways in IECs. 
The NFκB pathway is one key signaling channel for activation 
of immune responses secondary to a variety of stimuli, and this 
pathway may represent a key “conversation node” between pro-
biotics or beneficial microbes and IECs. Under non-stimulatory 
conditions, NFκB is present in its inactive form in the cytoplasm, 
bound to the inhibitor molecule, IκB. When pro-inflammatory 
stimuli trigger signaling pathways, IκB is phosphorylated by 
IKK, targeting it for ubiquitination by E3-SCFb-TrCP and subse-
quent proteasomal degradation. Once freed from IκB, NFκB is 
able to migrate into the nucleus, bind target promoters and acti-
vate transcription of effector genes.31 Many nodes in this pathway 
present opportunities for probiotics to prevent the activation of 
NFκB and influence downstream cytokine secretion. For exam-
ple, direct contact with avirulent Salmonella typhimurium PhoP 
and Salmonella pullorum decrease IL-8 and TNFα secretion 
from polarized T84 epithelial cells by inhibiting IκBα polyu-
biquitination and subsequent proteasomal degradation (Fig. 2).31 
NFκB cannot enter the nucleus and activate transcription when 
bound to its inhibitor molecule, IκB. LGG ATCC 53103 modu-
lates ubiquitin-mediated degradation of IκBα through the gen-
eration of reactive oxygen species (ROS). Increased quantities of 
ROS inactivate the Ubc12 enzyme, which is responsible for ned-
dylation of the cullin-1 subunit of the E3 ligase, E3-SCFβ-TrCP. In 
the absence of cullin-1 neddylation, the E3 ligase cannot contrib-
ute to polyubiquitination of IκBα and NFκB is not released.32,33

Several other probiotic strains can also prevent degradation 
of IκB. A study by Zhang et al. investigating the effects of both 
viable and heat-killed LGG in an epithelial cell model demon-
strated the probiotic’s ability to decrease IκB degradation and 
subsequent NFκB translocation into the nucleus, resulting in 

probiotics-based strategies, poor study design, or inappropriate 
selection of model systems or probiotic strains for specific appli-
cations. Probiotic strains may be improperly selected for study 
without clear scientific rationale for strain selection. The com-
pilation of studies yielding evidence of disease amelioration and 
immunomodulation suggest probiotics communicate with the 
host in multiple ways. However, the mechanisms by which pro-
biotics actually exert their beneficial effects have not been clearly 
defined. Clear understanding of these mechanisms will allow for 
appropriate probiotic strain selection for specific applications and 
may uncover novel probiotic functions.

Probiotics include exogenous and indigenous bacterial species 
that interact with various cellular components within the intes-
tinal environment. Intact, viable bacteria may be essential for 
probiotic effects, or these effects may be mediated by a cell wall 
component or structurally diverse secreted molecules. Several 
mechanistic studies show that key biological signaling pathways 
like NFκB, MAPK, Akt/PI3K and PPARγ are targets for probi-
otics or their products. These pathways can be modified in dif-
ferent ways by individual probiotic strains, including strains of 
the same species. For example, one Lactobacillus reuteri strain, 
ATCC PTA 6475, can inhibit LPS-induced TNF production 
from myeloid cells through suppression of the activator protein-1 
(AP-1) pathway, while another L. reuteri strain, DSM 17938, 
does not inhibit LPS-induced TNF production.14

The goal of this review is to explore probiotics-host commu-
nication via signaling pathway modulation within the intestine. 
While it is equally important to consider how the host influences 
the gut microbiota, this review focuses on how gut microbes 
influence the host.

Probiotic-Induced Changes in Intestinal Epithelial 
Cell Signaling Pathways Modulate Cell Survival  

and Cytokine Secretion

Intestinal epithelial cells (IECs) are an initial point of contact 
between the host and intestinal microbes. IECs are the first line 
of defense against pathogenic bacteria, and they communicate 
extensively with commensal microbes and probiotics. Probiotics 
can affect IECs in multiple ways, some of which are enhancing 
barrier function,15-19 increasing mucin production,20,21 inducing 
antimicrobial and heat shock protein production,22,23 interfering 
with pathogenic organisms,24-26 and modulating signaling path-
ways (Table 1) and cell survival (Fig. 1).

Induction of cytoprotective heat shock proteins. Cells exhibit 
“stress tolerance” when they encounter thermal, osmotic, oxida-
tive and other stressors. Cellular heat shock proteins (hsp) are 
induced in response to these stressors. These highly conserved 
proteins confer protection against insults and prevent cell death 
from occurring.27,28 In the intestine, the induced heat shock pro-
teins primarily include hsp25 and hsp72, which help maintain 
tight junctions between IECs and promote barrier function.27-29 
For example, hsp 72 prevents cellular proteins from denaturing 
and hsp25 stabilizes actin.27

Commensal or probiotic bacteria induce production of cyto-
protective heat shock proteins in the intestine. Even transient 
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Table 1. Probiotic modulation of signaling pathways in intestinal epithelial cells and macrophages

Probiotic species Model system Signaling pathway Probiotic effect(s) Reference(s)

Bacillus subtilis JH642 IECs hsp Induces hsp27, hsp25 and hsp70 Fujiya, et al. 2007,30

Bacillus subtilis JH642 IECs MAPKs Increases p38 phosphorylation Fujiya, et al. 2007,30

Bacteroides fragilis ATCC 23745 IECs hsp Induces hsp25 and hsp72 Kojima, et al. 2003,29

Bacteroides thetaiotaomicron ATCC 
29184

IECs MAPKs Activation of ERK1/2 and p38 Resta-Lenert, et al. 2006,46

Bacteroides thetaiotaomicron IECs NFκB
Enhances RelA nuclear export via 

PPARγ Kelly, et al. 2004,49

Bacteroides vulgatus IECs NFκB Increases IκBα phosphorylation Haller, et al. 2002,44

Bifidobacterium adolescentis ATCC 
15703

Macrophages NFκB
Decreases IκBα phosphorylation, 

increases SOCS
Okada, et al. 2009,67

Bifidobacterium bifidum B536 Macrophages NFκB Decreases LPS binding to CD14 Menard, et al. 2004,62

Bifidobacterium breve BbC50 Macrophages NFκB Decreases LPS binding to CD14 Menard, et al. 2004,62

Bifidobacterium lactis BB12 IECs NFκB Activates RelA Ruiz, et al. 2005,43

Bifidobacterium lactis BB12 IECs MAPKs Increases p38 phosphorylation Ruiz, et al. 2005,43

Bifidobacterium longum IECs NFκB Decreases p65 translocation
Bai, et al. 2004;39  
Bai, et al. 2006,40

Enterococcus faecalis EC1/EC3/EC15/
EC16

IECs PPARγ Induced phosphorylation of PPARγ1 Are, et al. 2008,50

Escherichia coli M17 Macrophages NFκB Inhibits p65 nuclear binding Fitzpatrick, et al. 2008,58

Faecalibacterium prausnitzii DSM 
17677

IECs NFκB Inhibits NFκB activation Sokol, et al. 2008,41

Lactobacillus acidophilus ATCC 4356 IECs MAPKs Activation of ERK1/2 and p38 Resta-Lenert, et al. 2006,46

Lactobacillus acidophilus ATCC 4356 IECs NFκB Decreases IκBα phosphorylation Resta-Lenert, et al. 2006,46

Lactobacillus bulgaricus IECs NFκB Decreases p65 translocation Bai, et al. 2004,39

Lactobacillus casei DN-114 001 IECs NFκB Prevents IκBα degradation Tien, et al. 2005,35

Lactobacillus casei IECs PPARγ Increases PPARγ mRNA Eun, et al. 2007,52

Lactobacillus casei Shirota Macrophages NFκB Inhibits IκBα phosphorylation Watanabe, et al. 2009,59

Lactobacillus casei Shirota Macrophages MAPKs Inhibits ERK1/2 phosphorylation Watanabe, et al. 2009,59

Lactobacillus casei YIT 9029 Macrophages NFκB Activation of NFκB Matsuguchi, et al. 2003,65

Lactobacillus crispatus M247 IECs PPARγ Increased activation and 
transcriptional activity

Voltan, et al. 2008,47

Lactobacillus crispatus Macrophages NFκB Activation of NFκB Klebanoff, et al. 1999,69

Lactobacillus fermentum DSMZ 
20052

IECs NFκB Blocks NFκB activation Frick, et al. 2007,38

Lactobacillus fermentum DSMZ 
20052

IECs MAPKs Decreases p38 activation Frick, et al. 2007,38

Lactobacillus fermentum YIT 0159 Macrophages NFκB Activation of NFκB Matsuguchi, et al. 2003,65

Lactobacillus fermentum YIT 0159 Macrophages MAPKs Activation of JNK Matsuguchi, et al. 2003,65

Lactobacillus plantarum IECs NFκB Inhibits proteasome Petrof, et al. 2009,37

Lactobacillus plantarum K8 Macrophages NFκB Inhibits IκBα degradation
Kim, et al. 2008;63  
Kim, et al. 2008,64

Lactobacillus plantarum K8 Macrophages MAPKs
Decreases p38, JNK, ERK1/2 

phosphorylation
Kim, et al. 2008;63  
Kim, et al. 2008,64

Lactobacillus plantarum S1, DB22, 
& DS41

PBMCs apoptosis
Increases TRAIL production and 

secretion
Horinaka, et al. 2010,73

§The proper taxonomic designation for “Saccharomyces boulardii” is Saccharomyces cerevisiae subsp boulardii. *VSL#3 is a cocktail of several bacterial 
species including Streptococcus salivarius subsp thermophilus, Lactobacillus casei, L. plantarum, L. acidophilus, L. delbrueckii subsp bulgaricus, Bifido-
bacterium longum, B. infantis and B. breve. Abbreviations: ERK, extracellular signal-regulated kinases; hsp, heat shock protein; IEC, intestinal epithelial 
cell; IκBα, inhibitor of NFκB; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; NFκB, nuclear factor-
kappaB; PPARγ, peroxisome proliferator activated receptor-gamma; SOCS, suppressor of cytokine signaling; STAT, signal transducer and activator of 
transcription.
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preincubation of viable, whole cell L. reuteri with IECs inhibited 
TNF-induced and Salmonella enterica serovar Typhimurium-
induced IL-8 transcription by preventing NFκB activation. 
Mechanistic studies indicate that L. reuteri can block TNF-
induced p65 nuclear translocation secondary to a decrease in 
IκB degradation.36 Whether inhibition of IκB degradation is 

decreased TNF-induced IL-8 production.34 Others have shown 
that pretreatment of epithelial cells with L. casei DN-114 001 
decreased Shigella flexneri-induced NFκB activation due to inhi-
bition of IκBα degradation. Subsequent gene expression studies 
showed that L. casei modulates several genes involved in ubiquiti-
nation and proteasomal processes.35 Ma et al. demonstrated that 

Table 1. Probiotic modulation of signaling pathways in intestinal epithelial cells and macrophages

Lactobacillus reuteri IECs NFκB Prevents IκBα degradation Ma, et al. 2004,36

Lactobacillus reuteri ATCC PTA 6475 Macrophages apoptosis Suppress Bcl-2 and Bcl-xL Iyer, et al. 2008,71

Lactobacillus reuteri ATCC PTA 6475 Macrophages NFκB Decreases IκBα ubiquitination Iyer, et al. 2008,71

Lactobacillus reuteri ATCC PTA 6475 Macrophages MAPKs
Increases JNK and p38 

phosphorylation 
Iyer, et al. 2008,71

Lactobacillus reuteri ATCC PTA 6475 Macrophages MAPKs Decreases ERK1/2 phosphorylation Iyer, et al. 2008,71

Lactobacillus reuteri ATCC PTA 6475 Macrophages AP-1 Decreases c-Jun phosphorylation Lin, et al. 2008,14

Lactobacillus rhamnosus GG ATCC 
53103

IECs hsp
Induces hsp25 and hsp72, heat 

shock TF1
Tao, et al. 2006,27

Lactobacillus rhamnosus GG ATCC 
53103

IECs MAPKs
Increased phosphorylation of p38 

and JNK
Tao, et al. 2006,27

Lactobacillus rhamnosus GG ATCC 
53103

IECs NFκB
Prevents IκBα ubiquitination and 

degradation

Kumar, et al. 2007;32  
Lin, et al. 2009;33  

Zhang, et al. 2005,34

Lactobacillus rhamnosus GG ATCC 
53103

IECs MAPKs Upregulation of MAPK related genes
Di Caro, et al.54 2005;  

Lin, et al. 2008,55

Lactobacillus rhamnosus GG ATCC 
53103

IECs apoptosis Activates Akt/PI3K
Yan, et al. 2002;56  
Yan, et al. 2007,57

Lactobacillus rhamnosus GG ATCC 
53103

Macrophages NFκB Induces NFκB binding activity Miettinen, et al. 2000,70

Lactobacillus rhamnosus Lcr Macrophages apoptosis
Increases pro-apoptotic Bax, 

releases cytochrome-c, activates 
caspase-9 & 3

Chiu, et al. 2009,72

Lactobacillus rhamnosus GR-1 Macrophages MAPKs
Activates JAK2-STAT3 to inhibit JNK 

activation
Kim, et al. 2006,68

Ruminococcus gnavus FRE1 Macrophages NFκB Decreases LPS binding to CD14 Menard, et al. 2004,62

“Saccharomyces boulardii”§ IECs apoptosis Prevents caspase-3 activation Czerucka, et al. 2000,17

“Saccharomyces boulardii”§ Macrophages NFκB Prevents IκBα degradation Sougioultzis, et al. 2006,60

Salmonella pullorum IECs NFκB Inhibits IκBα ubiquitination Neish, et al. 2000,31

Salmonella typhimurium PhoP IECs NFκB Inhibits IκBα ubiquitination Neish, et al. 2000,31

Streptococcus thermophilus ATCC 
19258

IECs MAPKs Activation of ERK1/2 and p38 Resta-Lenert, et al. 2006,46

Streptococcus thermophilus ATCC 
19258

IECs NFκB Decreases IκBα phosphorylation Resta-Lenert, et al. 2006,46

Streptococcus thermophilus St065 Macrophages NFκB Decreases LPS binding to CD14 Menard, et al. 2004,62

VSL#3* IECs hsp
Induces hsp25 and hsp72, heat 

shock TF1
Petrof, et al. 2004,28

VSL#3* IECs MAPKs Decreases p38 phosphorylation Jijon, et al. 2004,45

VSL#3* IECs NFκB Inhibits proteasome Petrof, et al. 2004,28

VSL#3* IECs PPARγ Enhanced expression of PPARγ Ewaschuk, et al. 2006,51

§The proper taxonomic designation for “Saccharomyces boulardii” is Saccharomyces cerevisiae subsp boulardii. *VSL#3 is a cocktail of several bacterial 
species including Streptococcus salivarius subsp thermophilus, Lactobacillus casei, L. plantarum, L. acidophilus, L. delbrueckii subsp bulgaricus, Bifido-
bacterium longum, B. infantis and B. breve. Abbreviations: ERK, extracellular signal-regulated kinases; hsp, heat shock protein; IEC, intestinal epithelial 
cell; IκBα, inhibitor of NFκB; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; NFκB, nuclear factor-
kappaB; PPARγ, peroxisome proliferator activated receptor-gamma; SOCS, suppressor of cytokine signaling; STAT, signal transducer and activator of 
transcription.
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example, secreted factors from Lactobacillus fermentum DSMZ 
20052 can decrease Yersinia enterocolitica-induced IL-8 secre-
tion from IECs by suppressing NFκB activation. MAPKs may 
also play a role in inhibiting IL-8 in this model system since p38 
activation was also decreased.38 Both Bifidobacterium longum 
and Lactobacillus bulgaricus can modestly reduce TNF-induced 
IL-8 secretion from a HT-29 cell model system by decreas-
ing NFκB p65 migration into the nucleus.39 Incubation of B. 
longum with colonic biopsy explants from patients with ulcer-
ative colitis caused a modest decrease in TNFα and IL-8 due to 
inhibition of NFκB.40 Supernatant from a newly identified pro-
biotic, Faecalibacterium prausnitzii DSM 17677, is able to sup-
press IL-1β-induced NFκB activation.41 Other studies showed 
that treatment of Caco-2 cells with butyrate, a short-chain fatty 
acid produced by anaerobic bacterial fermentation of dietary 
fiber, can inhibit IL-1β-induced IL-8 mRNA expression and 
suppress nuclear translocation and DNA binding of NFκB. 

due to a block in ubiquitination or in the proteasome itself is 
not known, but different probiotic species are known to inhibit 
both of these components of the NFκB activation pathway. An 
example of a known proteasome inhibitor is Lactobacillus plan-
tarum. Conditioned media from L. plantarum inhibits NFκB 
binding activity and IκB degradation in an IEC model system. 
L. plantarum does not affect ubiquitination of IκB, but instead 
impedes the chymotrypsin-like activity of the proteasome, 
thus preventing IκB degradation. Even though treatment with 
L. plantarum inhibits the proteasome, it does not cause cell death 
and toxicity like other proteasome inhibitors.37 The probiotic 
mixture, VSL#3, is also capable of inhibiting the chymotrypsin-
like activity of the proteasome to block IκB degradation but not 
ubiquitination (Fig. 2).28

Many other studies demonstrate that probiotics have 
inhibitory effects on the NFκB pathway in IECs, but fail to 
specifically define how NFκB activation is prevented. For 

Figure 1. Probiotics benefit the host by communicating with a variety of cell types. Intestinal epithelial cell (IEC) barrier function is enhanced through 
probiotic modulation of tight junctions as well as enhanced mucin production. Probiotics interfere with pathogens by increasing β defensin secretion 
from IECs and IgA from plasma cells and by directly blocking the signaling pathways hijacked by pathogens. Cytokine secretion by IECs, macrophages 
and dendritic cells is regulated by probiotics through modulation of key signaling pathways such as NFκB and MAPKs. Changes in these pathways can 
also affect proliferation and survival of target cells. Through interactions with dendritic cells, probiotics can influence T cell subpopulations and skew 
them towards a Th1, Th2 or Treg response. Probiotics can also cause changes in gut motility and pain perception by modulating pain receptor expres-
sion and secreting potential neurotransmitter molecules. APRIL, a proliferation-inducing ligand; hsp, heat shock protein; IEC, intestinal epithelial cell; 
Ig, immunoglobulin; MAPK, mitogen-activated protein kinase; NFκB, nuclear factor-kappaB; pIgR, polymeric immunoglobulin receptor; STAT, signal 
transducers and activator of transcription; Treg, T regulatory cell.
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Probiotics can also affect MAPK signaling pathways inde-
pendent of NFκB signaling. Suppression of p38 phosphory-
lation has been associated with inhibition of IL-8 secretion 
without impacting IL-8 mRNA levels or the activation of 
NFκB. This effect has been observed in IECs treated with 
VSL#3 DNA.45 Resta-Lenert et al. treated IECs with IFNγ 
either after pretreatment or simultaneously with a probiotic 
combination of Streptococcus thermophilus ATCC 19258 and 
Lactobacillus acidophilus ATCC 4356 or the commensal bac-
teria Bacteroides thetaiotaomicron ATCC 29184. Both the pro-
biotic combination and commensal bacteria caused changes in 
MAPK signaling cascades, including sustained activation of 
ERK1/2 and increased p38 phosphorylation, which prevented 
IFNγ-induced changes in ion transport. The probiotic com-
bination also caused a decrease in IκBα phosphorylation, an 
effect that was not observed in the commensal treated cells.46

PPARγ, a nuclear hormone receptor that can regulate intesti-
nal inflammation and homeostasis, is another target for probi-
otic modulation.47 PPARγ may play a role in attenuating colitis 
as evidenced by PPARγ-/+ heterozygous mice being more sus-
ceptible to developing colitis. PPARγ may diminish colitis by 
inhibiting NFκB activity.48 Inquiries into PPARγ as a target 
for modulation demonstrated that Bacteroides thetaiotaomi-
cron decreases phorbol 12-myristate 13-acetate (PMA)-, flagel-
lin- and E. coli 0157:H7-induced IL-8 secretion via enhanced 
nuclear export of RelA through a PPARγ dependent pathway. 
Only viable, whole bacteria are able to influence RelA and IL-8 
secretion, indicating a cell contact dependent mechanism. RNAi 

Butyrate can also induce higher expression levels of IκB-β, 
causing increased cytoplasmic sequestering of NFκB, prevent-
ing its activation (Fig. 2).42

Not all probiotic bacteria inhibit NFκB activation. Rather 
some stimulate NFκB to cause increased cytokine secretion. 
A study investigating Bifidobacterium lactis BB12 showed this 
strain can transiently induce activation of RelA, a transcrip-
tionally active subunit of NFκB, to increase IL-6 secretion. In 
addition to RelA activation, p38 MAPK is phosphorylated by 
B. lactis BB12. Specific inhibitors to both RelA and p38 showed 
that both pathways are needed to induce IL-6 production. In 
addition, B. lactis BB12-induced IL-6 expression is dependent 
on the TLR2 signaling pathway since no effect was seen in 
TLR2 deficient mouse embryogenic fibroblasts.43 The com-
mensal, non-pathogenic Bacteroides vulgatus activates NFκB 
via the IL-1R/TLR4 pathway. Incubation with IECs induced 
interleukin-1 receptor-associated kinase-1 (IRAK1) degrada-
tion, IκBα phosphorylation and degradation, RelA phosphory-
lation, and NFκB DNA binding with increased transcriptional 
activity. Interestingly, the effects of B. vulgatus are modified 
in a co-culture model system consisting of Caco-2 cells and 
peripheral blood mononuclear cells (PBMCs). In the presence 
of PBMCs, IκBα degradation and NFκB activation are inhib-
ited despite the fact that IRAK-1 degradation and IκBα and 
RelA phosphorylation still occur.44 These findings show that 
other cell types, particularly cells of the innate and adaptive 
immune system, modulate interactions between IECs and pro-
biotic bacteria.

Figure 2. Probiotics modulate key signaling pathways in intestinal epithelial cells. Various probiotics prevent NFκB activation by inhibiting IκBα 
phosphorylation, ubiquitination, proteasomal degradation, or translocation of NFκB into the nucleus (suppression is indicated by a block sign “┨”). 
Probiotics can also enhance RelA export from the nucleus via PPARγ. Other probiotics increase NFκB activation through enhanced translocation into 
the nucleus (activation is indicated by an arrow sign “→”). Apoptosis of intestinal epithelial cells can be prevented by probiotic modulation of the PI3K/
Akt pathway. Probiotic-induced changes in phosphorylation levels of p38, JNK, and ERK1/2 MAPKs can affect cytokine secretion and apoptosis. ERK, 
extracellular signal-regulated kinases; IκBα, inhibitor of NFκB α; IKK, IκB kinase; IRAK, interleukin-1 receptor-associated kinase; JNK, c-Jun N-terminal 
kinase; P, phosphorylation; PPARγ, peroxisome proliferator activated receptor-γ; RXR, retinoid X receptor; TLR, Toll-like receptor; Ub, ubiquitin.
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bacteria, and whether key factors or signals are produced by 
probiotics in vivo.

Current probiotic mechanistic studies demonstrate that 
beneficial bacteria of the gut are capable of changing host signal-
ing pathways in IECs in a variety of ways. The NFκB pathway 
is very important in immune responses, and its modulation can 
have potent pro- or anti-inflammatory effects. NFκB activa-
tion can be blocked by probiotics at the key regulatory points of 
IκB phosphorylation and ubiquitination. NFκB subunits can be 
prevented from entering the nucleus or can undergo enhanced 
export from the nucleus via PPARγ. Even the proteasome itself 
can be inhibited to diminish degradation of NFκB-inhibitory 
molecules. In contrast, other probiotic strains enhance trans-
port of NFκB subunits into the nucleus to increase activation 
and upregulate transcription of target genes. Other pathways 
regulated by probiotics include JNK, p38 and ERK1/2 MAPKs. 
These probiotic effects are strain specific, and as such it should 
not be assumed that these effects are shared by all strains of a 
particular species. The effectors of probiotic strains that allow for 
target specific modulation of NFκB, MAPK, and other signaling 
pathways remain unknown, but this information may be helpful 
in identifying bacterial strains that possess overlapping effects. 
Modulating multiple signaling pathways simultaneously with 
a combination of functionally non-redundant probiotic strains 
could have a profound synergistic effect on IEC function and 
produce potent pro- or anti-inflammatory effects.

Regulation of apoptosis in IECs. While less well studied than 
probiotic modulation of IEC signaling pathways, certain probiot-
ics can regulate apoptosis in IECs. Lactobacillus rhamnosus GG 
ATCC 53103 can activate anti-apoptotic Akt/protein kinase B 
and inhibit pro-apoptotic p38 MAPK in TNF-, IL-1α or IFNγ 
stimulated IECs.56 Subsequent experiments indicated that LGG 
secretes two proteins, p75 and p40. These proteins promote cell 
proliferation and activate anti-apoptotic Akt in a PI3K-dependent 
manner to protect human and mouse IECs from cytokine-
induced apoptosis.57 The ability of probiotics to regulate apopto-
sis may be a useful strategy to minimize the deleterious effects of 
enteric infection. For example, during EPEC infection, apoptosis 
is induced via caspase-3 activation, which can be prevented by 
the probiotic yeast, “Saccharomyces boulardii”.17

Probiotic Modulation  
of Macrophage Signaling Pathways

Probiotics modulate various signaling pathways in macrophages 
and have corresponding effects on mucosal immunity (Table 1). 
Select probiotic strains suppress inflammation by inhibiting 
NFκB signaling and reducing pro-inflammatory cytokine secre-
tion. For example, treatment of RAW 264.7 mouse macrophages 
with Escherichia coli strain M17 decreased LPS-induced pro-
inflammatory cytokines TNFα, IL-1β and IL-6. In addition, 
E.  coli M17 inhibited TNFα-induced NFκB and p65 nuclear 
binding (Fig. 3). In vivo studies of E. coli M17 treatment in a 
DSS-induced mouse model of colitis demonstrated decreased 
secretion of IL-12, IL-6, IL-1β and IFNγ due to an inhibitory 
effect on NFκB signaling.58

of PPARγ as well as dominant negative PPARγ can prevent B. 
thetaiotaomicron-induced nuclear export of RelA.49 Another 
commensal that regulates PPARγ is Enterococcus faecalis, a 
microbe that colonizes the human gut early in life. Four strains 
of E. faecalis, EC1, EC3, EC15 and EC16, isolated from new-
borns were capable of inducing PPARγ1 phosphorylation and 
enhancing DNA binding and activation of downstream effec-
tor genes such as IL-10.50 Subsequent studies demonstrate that 
PPARγ is also a target for modulation by probiotics. Culturing 
VSL#3 in the presence of linoleic acid produces conjugated lin-
oleic acids, which possess anti-inflammatory and anticarcino-
genic properties. Treatment of IECs with conditioned media 
containing VSL#3-produced conjugated linoleic acids causes 
enhanced PPARγ expression compared to VSL#3 or linoleic 
acids alone.51 Another probiotic study showed Lactobacillus casei 
decreases LPS-induced levels of COX-2, TLR4 and IL-8, pos-
sibly by increasing PPARγ mRNA expression and activating a 
peroxisome proliferator response element.52 Lactobacillus crispa-
tus M247 uses hydrogen peroxide as a signal-transducing mole-
cule to increase PPARγ activation and transcriptional activity.47 
PPARγ mRNA and protein expression is reduced in the colonic 
epithelial cells of patients with ulcerative colitis compared to 
healthy individuals and patients with Crohn disease.48 All of 
these studies suggest that treatment with a specific commensal 
or probiotic strain may increase expression of PPARγ and help 
ameliorate ulcerative colitis-associated inflammation.

In vivo studies examining gene expression changes induced 
by probiotics demonstrate that probiotics can affect a multitude 
of genes. In one such study, gene expression profiling was per-
formed on healthy human duodenal samples 6 hours post oral 
ingestion of Lactobacillus plantarum WCFS1. L. plantarum was 
administered at various growth phases, including midlog and 
stationary phase, and as dead bacteria. Host gene expression pat-
terns differed by growth phase of the administered L. plantarum. 
Stationary-phase and dead L. plantarum induced a gene expres-
sion pattern involving upregulation of NFκB-, JUN- and TNF-
dependent pathways. For example, upregulation of several NFκB 
subunits as well as three NFκB inhibitor molecules, BCL3, A20 
and IκB was observed. In contrast, the gene expression pattern 
induced by midlog-phase L. plantarum involved MYC- and 
cyclin D1-dependent pathways, positive regulators of prolifera-
tion.53 Other studies indicate that LGG may affect mammalian 
gene expression by modulating genes involved in MAPK path-
ways. In a study by Di Caro et al. duodenal mucosal biopsies were 
taken from male patients ingesting LGG for one month and gene 
expression changes were compared to patients taking placebo. 
Microarray analysis showed that 334 genes were upregulated 
and 92 genes were downregulated compared to the placebo con-
trol. Diverse pathways were affected, including genes involved 
in cell adhesion, apoptosis, immunity and the MAPK signaling 
cascade.54 In a mouse small intestine model, LGG ATCC 53103 
upregulated several genes involved in cytoprotection including 
MAPK-related, anti-apoptotic, and proliferation- and migration-
related genes.55 The above studies demonstrate that proper selec-
tion of probiotics for a specific application include the appropriate 
species/strain, the growth parameters or physiologic state of the 
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enhanced by probiotic-mediated changes in intestinal microbial 
composition and function, and it seems to have anti-inflamma-
tory affects in macrophages in addition to the anti-inflamma-
tory affects observed in IECs. In both PBMCs and THP-1 cells, 
butyrate prevented LPS-induced TNFα and IL-6 secretion and 
inhibited IL-1β by blocking NFκB nuclear translocation through 
stabilization of IκBα.61 Finally, a study comparing several probi-
otics and commensal bacteria found LPS-induced TNFα pro-
duction from both PBMCs and THP-1 cells is diminished by 
both Bifidobacterium breve BbC50 and Streptococcus thermophilus 
St065 in a dose dependent manner. Commensal bacterial strains 
of the species Bifidobacterium bifidum B536 and Ruminococcus 
gnavus FRE1 also inhibit LPS-induced TNFα. This study sug-
gests that bacterial products may interfere with LPS signal trans-
duction. These secreted factors decreased LPS binding to the 
CD14 receptor, causing an overall reduction in NFκB activation 
(Fig. 3).62

Lipoteichoic acid (LTA) is a major component of the outer 
peptidoglycan layer of gram-positive bacteria, and it may be an 
important factor in septic shock associated with gram-positive 
bacterial infections. The LTA from select probiotics, however, 
appears to have a potent anti-inflammatory effect. LTA isolated 
from Lactobacillus plantarum K8 (pLTA) inhibits Staphylococcus 
aureus LTA (aLTA)-induced TNFα production by prevent-
ing signal transduction through both NFκB and MAPK path-
ways.63 A study by Kim et al. examined the effects of LTA from 

Certain probiotics and commensal microbes secrete sol-
uble factors that suppress NFκB signaling in macrophages. 
Suppression of NFκB signaling may also be associated with 
changes in pattern recognition receptors (PRRs) and MAPK 
signaling pathways. This can be seen with culture supernatant 
from Lactobacillus casei strain Shirota (LcS), which can inhibit 
TNFα protein production and mRNA from LPS-stimulated 
human monocytoid THP-1 cells. Mechanistic studies showed 
that secreted factors from LcS suppress LPS-induced IκBα phos-
phorylation and subsequent degradation of this NFκB inhibitor. 
LPS-induced ERK1/2 phosphorylation is also diminished, indi-
cating that MAPKs may also play a role in TNFα suppression 
by LcS. L-lactate is a candidate immunomodulatory factor pro-
duced in copious quantities by some Lactobacillus species, includ-
ing LcS. L-lactate inhibits TNFα gene expression, in addition 
to suppressing IκBα phosphorylation and degradation. However, 
L-lactate does not affect ERK1/2 phosphorylation. These results 
suggest that LcS may secrete multiple factors, including L-lactate, 
that are necessary for TNFα inhibition or changes in MAPK 
pathways are not essential for TNFα inhibition in this model 
system.59 “Saccharomyces boulardii,” a strain of Saccharomyces 
cerevisiae, produces a small, heat stable, water-soluble factor that 
has anti-inflammatory properties. In THP-1 cells, this secreted 
factor prevented NFκB reporter gene activation and IκBα deg-
radation, resulting in decreased p65 nuclear translocation and 
NFκB DNA binding.60 Another factor, butyrate, is secondarily 

Figure 3. Probiotics modulate inflammatory signaling pathways in macrophages. Select probiotics can block binding of LPS to the CD14 recep-
tor, interfering with LPS signal transduction. Various probiotics prevent activation of NFκB by decreasing phosphorylation or ubiquitination of IκBα 
or blocking NFκB translocation into the nucleus (suppression is indicated by a block sign “┨”). NFκB activation is enhanced by other probiotics via 
increased nuclear translocation of transcriptionally active NFκB subunits (activation is indicated by an arrow sign “→”). MAPK proteins p38, JNK and 
ERK1/2 are also targets of probiotic modulation in macrophages. ERK, extracellular signal-regulated kinases; IκBα, inhibitor of NFκBα; IKK, IκB kinase; 
IRAK, interleukin-1 receptor-associated kinase; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MD-2, myeloid differentiation 2; P, phosphoryla-
tion; TLR, Toll-like receptor; Ub, ubiquitin.
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induce inflammatory response cascades. Lactobacillus crispatus 
induced TNFα and IL-1β production through the activation of 
NFκB in THP-1 cells.69 In human PBMCs, viable Lactobacillus 
rhamnosus GG ATCC 53103 directly induced NFκB binding 
activity, as well as cytokine-mediated STAT1 and STAT3 DNA 
binding to promote an inflammatory response.70 Unlike lipo-
teichoic acid from L. plantarum K8, which inhibits NFκB and 
MAPK signaling,63,64 lipoteichoic acid isolated from both L. casei 
YIT 9029 and L. fermentum YIT 0159 activates NFκB, inducing 
TNFα production by RAW 264.7 cells (Fig. 3).65 These immu-
nostimulatory phenotypes may be important in promoting host 
defense against pathogens.

In addition to influences on cytokine production, probiotics 
may affect apoptosis in macrophages by modulating NFκB sig-
naling. Secreted factors from L. reuteri ATCC PTA 6475 may 
promote apoptosis in TNFα-stimulated myeloid cells through 
the suppression of anti-apoptotic factors Bcl-2 and Bcl-x

L
 and 

through the inhibition of cell proliferation mediators, Cox-2 and 
cyclin D1. Increased apoptosis by L. reuteri secreted factors results 
from suppression of NFκB activation. L. reuteri suppressed IκBα 
ubiquitination resulting in decreased NFκB p65 nuclear trans-
location. Secreted factors from L. reuteri also modulated MAPK 
signaling as seen by enhanced phosphorylation of JNK and p38 
and suppression of ERK1/2 phosphorylation.71 In addition to 
L. reuteri, L. rhamnosus Lcr promotes monocyte apoptosis in a 
time- and dose-dependent manner. In order to induce apoptosis, 
L. rhamnosus disrupts the mitochondrial membrane potential, 
increases pro-apoptotic Bax relative to Bcl-2, causes release of 
cytochrome-c, and activates downstream caspases 9 and 3.72 The 
pro-apoptotic effects of probiotics may prove to be useful in can-
cer therapy. A recent study showed that three different strains of 
L. plantarum, S1, DB22 and DS41, increased secretion of tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL) from 
PBMCs. This cytokine stimulates apoptosis of malignant cancer 
cells both in vitro and in vivo and could be a promising new area 
of cancer therapy.73

Select probiotic strains can influence macrophage signaling 
pathways to affect cytokine secretion and apoptosis. As in IECs, 
NFκB is a key target pathway, along with MAPKs, ERK1/2 
and p38. Probiotics also demonstrate effects at the cell surface 
by inhibiting agonist-mediated signaling through cell surface 
receptors. AP-1, STATs and SOCS represent additional intracel-
lular targets of probiotic modulation unique to macrophages. 
Modifications of cell surface components such as LTA may 
account for probiotic effects, and activated immune cell popula-
tions (macrophages) may be selectively deleted by probiotics via 
pro-apoptotic mechanisms.

Probiotic Modulation of Dendritic Cells Influences  
T-Lymphocyte Populations

Dendritic cells (DCs) directly sample gut luminal contents 
through cellular processes that extend between intestinal epithe-
lial cells into the lumen.74 This feature of intestinal DCs, com-
bined with their ability to orchestrate T-lymphocyte responses, 
highlights the role of DCs as a bridge between microbes, innate 

L. plantarum K8 (pLTA) and found that pretreatment of THP-1 
cells inhibited LPS-induced TNFα secretion.64 Decreased 
degradation of both IκBα and IκBβ resulted in diminished acti-
vation of NFκB. Additionally, pLTA suppressed LPS-induced 
phosphorylation of ERK1/2, JNK and p38. Pattern recognition 
receptors and upstream pathway components involved in TNFα 
production are also affected by pLTA. Many pattern recognition 
receptors have decreased expression following pLTA pretreat-
ment, including TLR4, NOD1 and NOD2. IRAK-M, a negative 
regulator of TLRs, is induced by pLTA while LITAF, a mol-
ecule involved in LPS-induced TNFα expression, is decreased, 
resulting in an overall reduction in TNFα.64 In contrast to these 
anti-inflammatory studies, other studies have demonstrated that 
Lactobacillus LTA has an immunostimulatory effect. LTAs puri-
fied from L. casei YIT 9029 and L. fermentum YIT 0159 (FERM 
P-13859) stimulate TNFα production and activation of NFκB 
and JNK in RAW 264.7 cells.65 Interestingly, a mutant strain 
of L. plantarum, NCIMB8826, with a defect in D-alanylation 
of techoic acids (Dlt- mutant) has an enhanced ability to induce 
IL-10 production and to inhibit secretion of pro-inflammatory 
cytokines, IL-12, IFNγ and TNFα, compared to the wild type 
L. plantarum strain. When the Dlt- mutant is put into a trinitro-
benzene sulphonic acid (TNBS)-induced colitis model, it is sig-
nificantly more protective compared to control groups receiving 
wild type L. plantarum or no treatment.66 These results suggest 
that while probiotic LTA stimulates an inflammatory response 
mediated by macrophages, certain strains of probiotics may har-
bor changes in the teichoic acid biosynthesis pathway that result 
in anti-inflammatory effects mediated by their LTA.

Probiotics have diverse effects on the immune system, and 
stimulation or suppression of innate immunity ultimately 
depends on the biological features of individual probiotic strains. 
As with IECs, probiotics regulate diverse signaling pathways 
in addition to NFκB signaling. Specific strains of Lactobacillus 
reuteri (ATCC PTA 6475) can suppress TNFα production 
from LPS-stimulated macrophages by inhibiting the c-Jun-
dependent activator protein-1 (AP-1) pathway.14 Suppressor of 
cytokine signaling (SOCS) family proteins can inhibit TLR sig-
nal transduction, and SOCS1 inhibits LPS induction of NFκB 
signaling in macrophages. Treatment of RAW 264.7 cells with 
Bifidobacterium adolescentis ATCC 15703 causes decreased IL-1β, 
TNFα and IL-12p40 through inhibition of IκBα phosphoryla-
tion, while increasing mRNA levels of SOCS1 and SOCS3 
compared to LPS treatment alone.67 Lactobacillus rhamnosus 
GG ATCC 53103 and L. rhamnosus GR-1 conditioned media 
can induce anti-inflammatory cytokines IL-10 and G-CSF from 
THP-1 cells. G-CSF is essential for mediating L. rhamnosus 
GR-1 suppression of E. coli- or LPS-induced TNFα production 
by activating the JAK2-STAT3 pathway and suppressing JNK 
activation (Fig. 3).68 These studies demonstrate that a variety of 
inflammatory pathways may be modulated by different probiotic 
strains in order to induce similar anti-inflammatory effects.

Some probiotic strains have an immunostimulatory pheno- 
type, causing activation of NFκB or STAT signaling in mac-
rophages. STATs are inactive cytoplasmic transcription factors 
that can become activated by cytokine or antigen stimulation to 
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A zealous Th1 response and its cytokine profile (IFNg and 
IL-12p40) may contribute to chronic intestinal inflammation 
in Crohn disease,74 and diminished Th1 cell populations or cor-
responding cytokines may help ameliorate intestinal inflamma-
tion.87 Treatment of DCs with VSL#3 caused decreased IFNγ 
production by DC-stimulated T cells, along with a correspond-
ing decrease in the number of Th 1 cells.88 Similarly, T cells co-
cultured with L. paracasei B21060-treated DCs had diminished 
IFNγ, IL-2, IL-6 and IL-10 production, suggesting a reduced Th1 
population. When L. paracasei was administered intra-gastrically 
to a DSS-mouse model of colitis, it demonstrated a protective 
effect, with reduced disease severity and delayed disease progres-
sion.13 A combination of L. paracasei 1602 and L. reuteri 6798 
strains significantly reduced cecocolic inflammation induced 
by Helicobacter hepaticus in an IL-10-deficient mouse model of 
colitis. The probiotics-treated animals demonstrated diminished 
IL-12p40 mRNA levels, suggesting that select probiotics may 
suppress the Th1 immune response.9

Regulatory T cells are a subset population of T cells that can 
suppress the function of Th effector cells. Many functions have 
been proposed for Treg cells, including induction of oral toler-
ance, suppression of allergies and asthma, and induction of toler-
ance to commensal bacteria.89 Intestinal immune function relies 
on several lymphocyte populations, including regulatory T cells 
specific to the intestine. The intestinal components are charged 
with the task of maintaining tolerance to dietary antigens and 
the commensal microbiota. Since regulatory T cells play a sig-
nificant role in dampening misdirected immune responses,90 pro-
biotics may exert their anti-inflammatory effects by influencing 
this T-cell population. Bifidobacterium lactis W51, L. acidophilus 
W55, and L. plantarum W62 induce FOXP3+ Treg cell differ-
entiation from a CD25- T cell population, with the most potent 
induction by L. acidophilus W55. The expression of FOXP3 is 
stable, and these cells display a suppressive phenotype, indicat-
ing that some probiotic species are capable of inducing regula-
tory T cells.91 In a TNBS mouse model of chronic colitis, VSL#3 
administration decreased the severity of the colitis, an effect that 
is transferrable to control mice by transplanting lamina propria 
mononuclear cells (LPMCs) from probiotic-treated mice. A 
greater number of regulatory CD4+ T cells with surface TGFβ 
are present in probiotic-treated mice. TGFβ expressing regula-
tory T cells were necessary to generate the beneficial effects of 
VSL#3 administration since anti-TGFβ antibodies blocked the 
protective effect.92 Transfer of DCs pretreated with L. rhamno-
sus Lr32 protected against TNBS-induced colitis and reduced 
inflammation scores. L. rhamnosus may induce tolerogenic DCs 
and, consequently, stimulate regulatory T lymphocytes because 
the DCs lose their protective effect in mice lacking CD25+ T 
cells. Supporting this hypothesis is the fact that protection is 
associated with elevated localized expression of indoleamine 
2,3 dioxygenase (IDO), an enzyme that catabolizes tryptophan 
and regulates T-cell function through depletion of tryptophan.81 
DCs treated with one of five different probiotics, including L. 
casei DN-114 001, Streptococcus thermophilus DN-001 621, 
Bifidobacterium animalis DN-173 010, Bifidobacterium adolescen-
tis DN-150 017, or Bacteroides thetaiotaomicron, stimulate naïve 

immunity and adaptive immunity (Fig. 1). Bifidobacterium breve 
C50 produces a fermentation product, BbC50sn, which induces 
DC maturation, increases DC survival, and increases anti-
inflammatory IL-10 production. BbC50sn can induce PI3K/
Akt phosphorylation similar to the TLR2 agonist, Zymosan and 
p38 phosphorylation similar to the TLR4 agonist, LPS. PI3K 
activation appears to regulate the prolonged survival induced by 
BbC50sn.75 In addition, BbC50sn may prolong DC survival by 
increasing anti-apoptotic Bcl-x

L
 and inactivating pro-apoptotic 

Bad.76 Both PI3K and p38 induce DC maturation by propor-
tionately increasing expression of CD83 and CD86 maturation 
markers. Increased IL-10 production by BbC50sn is regulated by 
PI3K, p38 and by ERK1/2.75 As seen in other host-microbe inter-
actions, different species and strains of Lactobacillus may have 
diverse effects with respect to modulation of cytokine production, 
regulation of MHC class II and B7-2 surface receptors, among 
other effects. Lactobacillus species may counteract each other’s 
effects on DCs, emphasizing the point that aggregate microbial 
composition and balance may determine the nature of mucosal 
immune responses. For example, L. reuteri DSM 12246 inhibits 
the induction of IL-12, IL-6 and TNFα by L. casei CHCC3139, 
and also diminishes L. casei-induced increases of B7-2 receptors.77 
DCs may play a key role in maintaining immune tolerance to 
commensal bacteria in the gut. Intestinal DCs can harbor viable 
commensal bacteria and transport the bacteria to the mesenteric 
lymph nodes (MLNs), where it is retained and prevented from 
entering the systemic immune compartment. By this mechanism, 
DCs can selectively induce IgA to protect against mucosal inva-
sion, while restricting immune responses to the local microbial 
community in the gut.78-80

DCs regularly interact with gut microbes and other stimuli to 
determine if tolerance or an immune response will be induced. 
Various microbial factors interact with different DC cell surface 
pattern recognition receptors to determine DC maturation and 
subsequent DC-regulated differentiation of naïve T cells into 
Th1, Th2, Th17 or T regulatory cells.81-83 Several types of reg-
ulatory T cells, including Th3, T

R
1, CD4+CD25+ regulatory, 

CD8+ suppressor, and γδ T cells may be affected by probiotics 
and beneficial microbes.84 Commensals may even be essential 
for the appropriate balance of regulatory T-cell populations. A 
study by Ivanov et al. demonstrated that a specific group of intes-
tinal microbes, the cytophaga-flavobacter-bacteroidetes (CFB), 
was important in Th17 development in the lamina propria and 
in maintaining the appropriate balance of Th17 and Treg cell 
populations.85 This study highlights the important role of the 
intestinal microbiota in maintaining intestinal homeostasis and 
in T-cell development. Further evidence can be gathered from 
studies with germ-free mice showing that they possess a smaller 
population of antigen-experienced CD4+CD45Rblow T cells 
compared to conventional mice. Colonization of these germ-
free mice with Bacteroides fragilis NCTC 9343 replenished the 
CD4+CD45Rblow T-cell population, an effect that was depen-
dent on B. fragilis polysaccharide A (PSA). When a B. fragilis 
mutant strain that could not produce PSA colonized germ-
free mice, no increase in the CD4+CD45Rblow population was 
observed.86
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a study examining the effects of VSL#3 in the IL-10-deficient 
mouse model of colitis demonstrated upregulation of galectin 2, 
a protein that induces apoptosis of activated T cells, compared to 
untreated mice.100 These recent studies demonstrate that several 
probiotic strains can influence DC maturation, survival/prolifer-
ation and cytokine production as well as the induction of specific 
T-cell phenotypes.

Probiotics Influence Antibody Production 
in the Intestine

In the lamina propria of the gut, B cells differentiate into plasma 
cells and secrete dimeric IgA antibodies. The polymeric Ig recep-
tor on the basolateral surface of intestinal epithelial cells com-
plexes with IgA and transports it to the apical cell surface where 
it is secreted into the intestinal lumen.84,101 Secretory IgA is 
important in mucosal-associated immunity and helps protect the 
host by binding a variety of antigens from bacteria, viruses and 
fungi.84,101,102 Mucosal immune responses to commensal bacteria 
include IgA production that is independent of T lymphocytes 
and an organized lymphoid tissue component.103 Epithelial cells 
and DCs produce molecules such as a proliferation-inducing 
ligand (APRIL), CD40 ligand, and TGFβ that induce T cell-
independent IgA class-switching.104 Commensal bacteria such 
as Lactobacillus plantarum NCIMB88, L. plantarum WCFS1, 
Bacillus subtilis JH642, and TLR-activating bacterial products 
can induce intestinal epithelial cells to produce APRIL, which 
triggers IgA class switching to IgA

2
, an immunoglobulin that is 

prevalent in the distal intestine and more resistant to bacterial 
proteases.53,105 In Rag-/- IgA-deficient mice, which are lacking a 
functional adaptive immune system, commensal Bacteroides the-
taiotaomicron VPI-5482 enhances innate immunity by increasing 
activity of inducible nitric oxide synthase (iNOS) and upregulat-
ing innate immunity-associated genes and downstream signaling 
pathways such as STATs and NFκB. The observed enhancement 
in innate immunity was in comparison to Rag-/- mice with B. 
thetaiotaomicron-specific IgA or to wild-type mice, indicating 
IgA and the adaptive immune system play an important role in 
gut homeostasis and in mucosal immune responses to commen-
sal gut microbes.104

Several studies have shown that probiotics can stimulate the 
production of IgA by plasma cells (Fig. 1). However, the ability 
to induce IgA may be strain-dependent. In a small study, seven 
healthy children received oral Bifidobacterium lactis Bb-12 for 
21 days. Administration of this bacterial strain correlated with 
increased total fecal IgA and anti-poliovirus IgA, suggesting B. 
lactis stimulates IgA secretion in the gut.106 Oral administration 
of Bifidobacterium bifidum Bb-11 in mice demonstrated that this 
probiotic strain enhances the number of IgA-secreting cells pres-
ent in the MLNs and spleen and increases systemic and intestinal 
IgA, while not affecting B. bifidum-specific IgA. This effect is 
increased substantially when B. bifidum is encapsulated, suggest-
ing that it is dependent on intact, viable cells of B. bifidum in the 
intestine.107 Long-term (98 days) oral administration of fermented 
milk containing L. casei DN-114001, L. delbrueckii subsp bulga-
ricus and Streptococcus thermophilus showed increased numbers of 

T cells to develop suppressor functions, demonstrated by the abil-
ity of differentiated T cells to diminish proliferation and IFNγ 
production by CD4+ effector T cells.93 MLN cells co-cultured 
with DCs that had encountered L. reuteri 100-23 demonstrated 
an increase in the number of FOXP3+ T cells along with a corre-
sponding decrease in proliferation of the T cell population, which 
is consistent with an enhanced Treg population.94 Finally, oral 
treatment with a probiotic cocktail consisting of L. acidophilus, 
L. casei, L. reuteri, B. bifidium and S. thermophilus increased gen-
eration of CD4+Foxp3+ Tregs from CD4+CD25- T cells in the 
MLN. In addition, the suppressor activity of CD4+CD25+ Tregs 
was enhanced by the probiotic-induced increase in TGFβ and 
cytotoxic T-lymphocyte-associated-4 (CTLA-4) expression.95 
Modulation of DCs and T cell populations and phenotypes by 
commensals and probiotics may contribute to the maintenance of 
gut homeostasis and immune tolerance to gut microbes.

Unlike the more abundant αβ T-cell receptor (TCR)-
expressing T cells, γδ T cells express TLRs and function like 
APCs. γδT cells induce maturation and proliferation of DCs 
and directly activate CD4+ αβ T cells, providing yet another 
link between innate and adaptive immunity.96 One interesting 
study shows that γδ T-cell-deficient mice will develop spontane-
ous colitis, an effect that can be prevented or suppressed by γδ T 
cell transfer.97 These results indicate that γδ T cells likely reduce 
the inflammatory response. The gram-negative probiotic strain 
E. coli Nissle 1917 can increase the activation and expansion of γδ 
T cells but not ab T cells.96,98 Once the γδ T cells have been acti-
vated, E. coli Nissle can also induce apoptosis of these activated 
cells through the Fas ligand-dependent pathway, suggesting the 
existence of a regulatory loop.96 Treatment with L. acidophilus 
Bar 13 and Bifidobacterium longum Bar 33 in a TNBS-induced 
model of acute colitis attenuated intestinal damage, possibly by 
decreasing the number of CD4+ T cells found in the lamina pro-
pria and intraepithelial lymphocyte populations. Further study 
into distinct subpopulations showed that these two probiotics 
can increase the number of γδ T cells present in the intraepithe-
lial lymphocyte population, while decreasing the number of γδ 
in the lamina propria lymphocyte population.97 Location-specific 
differences in T-cell subpopulations of the gut mucosa may have 
implications for the nature of the immune response to the gut 
microbiota.

Probiotics can regulate apoptosis in different cell types of the 
intestinal mucosa, and may contribute to maintenance of the 
appropriate number and balance of lymphocyte subpopulations. 
Explants of inflamed ileum samples from patients with Crohn 
disease were cultured with Lactobacillus casei DN-114 001 and 
examined for cytokine secretion and markers of apoptosis. In 
addition to inhibiting pro-inflammatory cytokines IL-6 and 
TNFα, L. casei also decreased expression of the anti-apoptotic 
protein Bcl-2 in the lamina propria lymphocytes. More TUNEL-
positive lymphocytes and fewer activated T cells were present 
in the explants with L. casei, indicating that the probiotic can 
reduce the number of activated T cells by inducing apoptosis. 
Similar effects were not observed when L. casei was co-cultured 
with non-inflamed tissue, underlining the importance of cur-
rent host immune state prior to addition of probiotics.99 Finally, 
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NCTC 9343 promotes lymphoid organogenesis, a process that 
does not occur normally when a B. fragilis PSA mutant strain 
is used.112 Intestinal lymphoid tissues such as Peyer’s patches, 
MLNs, and isolated lymphoid follicles (ILFs) produce microbe-
reactive, IgA-producing B cells that can help prevent overgrowth 
of unwanted bacterial species. Mice with diminished IgA have an 
expanded bacterial community in their gut along with numer-
ous and abnormally large ILFs. Gut bacterial communities are 
also significantly altered in the absence of ILFs. Interestingly, the 
formation of lymphoid tissues, specifically mature ILFs, requires 
induction by gut microbiota. Gram-negative peptidoglycan is 
necessary and sufficient to induce formation of ILFs by bind-
ing NOD1, activating CCR6 and inducing β-defensin 3 and 
CCL20-mediated signaling.113 These observations demonstrate 
the beneficial relationship between commensal microbes and 
host immunity and development. Continued investigations into 
this important crosstalk are necessary to fully appreciate the role 
of the microbiota in human health and disease.

Anatomical Distribution of the Intestinal Microbiota 
and the Subsequent Effects on the Host

The exact composition and distribution of the microbiota within 
the gastrointestinal tract is still relatively unknown. This pau-
city of knowledge is being aggressively addressed by the Human 
Microbiome Project (HMP) and the International Human 
Microbiome Consortium (IHMC), a global effort to character-
ize bacterial communities present at a variety of body sites in 
healthy adults. Current culture-based analysis shows that the 
bacterial load within the intestine is relatively low in the duode-
num (50–100 cfu/mL) and increases distally through the small 
and large intestines, with the distal ileum and cecum possessing 
greater than 500,000 cfu/mL of bacteria.114 Culture-independent 
analyses, namely 16S rRNA gene-sequence analysis, of the colon 
demonstrates that the predominant phyla of healthy humans are 
the Bacteroidetes and Firmicutes.115 Human-associated bacteria 
may be members of relatively few phyla, but ample diversity at 
the species and strain levels is apparent within an individual and 
between individuals.115,116

The colonization pattern of commensals and probiotics within 
the intestine may dictate where the associated beneficial effects of 
these organisms occur. For example, the cecum and ascending 
colon are known to be the sites where a majority of short-chain 
fatty acids like butyrate are produced.117 The immunomodula-
tory effects of butyrate, such as inhibition of IκB degradation, 
may be restricted to the cells of the cecum and ascending colon. 
However, if probiotics only exerted their beneficial effects locally, 
it would be difficult to explain the mechanisms of systemic effects 
conferred by orally administered probiotics. A study by Yun et al. 
in a mouse model of type 2 diabetes demonstrated that a twice 
daily, high dose, oral administration of L. gasseri BNR17 for 12 
weeks could reduce fasting and postprandial two hour blood glu-
cose levels after 6 weeks of probiotic administration. In addition, 
L. gasseri BNR17-treated mice had improved glucose tolerance 
for two hours at weeks 6 and 9, and the BNR17 group showed 
a trend towards decreased HbA1c after 12 weeks.118 Probiotics 

IgA+ cells in both the small and large intestine compared to con-
trols.102 Finally, a comparison between two Lactobacillus species, 
L. johnsonii NCC 533 and L. paracasei NCC 2461, in germfree 
mice showed that both strains can induce lymphoid follicle for-
mation and increase the number of IgA+ plasma cells present in 
the lamina propria. The pattern of increased Lactobacillus-specific 
IgA differs between the two species. L. johnsonii stimulates a sig-
nificant increase in L. johnsonii-specific IgA in both the Peyer’s 
patches and gut lumen, while L. paracasei results in a modest 
increase in specific IgA by comparison. Based on these findings, 
one would expect the colonization of L. johnsonii to be less robust 
than that of L. paracasei, but the opposite is true, indicating that 
other components of the innate immune system play an impor-
tant role in regulating bacterial load.108 The discrepancy between 
specific IgA production and bacterial load suggests that differ-
ences in immunogenicity of LAB strains may be independent of 
the strain’s capacity to persist in the host.

Outside of the gut, probiotics influence immunoglobulin lev-
els by altering systemic Ig isotype profiles. Oral administration 
of L. johnsonii NCC 533 skewed systemic IgG isotypes towards 
a greater proportion of IgG1, an isotype that is associated with 
IL-4 induction of B cells and a Th2 predominant immune 
response. In contrast, L. paracasei NCC 2461 induced a greater 
proportion of IgG2a, which results from IFNg stimulation 
of B cells, and is associated with a Th1 predominant immune 
response.108 Treatment with orally administered stationary phase 
L. casei ATCC 393 or L. murinus CNRZ increased the IgG1/
IgG2a ratio without altering the overall amount of systemic IgG. 
This increased IgG1 response may reflect a higher CD4+ Th2 cell 
activity in these mice.109 Differences in immunoglobulin induc-
tion patterns indicate that different probiotic strains can induce 
unique systemic T-cell responses.

Commensals Impact GALT Development  
and Function

Gut associated lymphoid tissue (GALT) is found in the intestine 
in the form of Peyer’s patches and MLNs, and these areas may be 
in active communication with the gut microbiota. In one study, 
mice were given Lactobacillus plantarum Lp6 for 2 weeks, fol-
lowed by jejunal Peyer’s patch isolation and DNA microarray 
analysis of differentially expressed genes. L. plantarum treatment 
increased expression of 420 genes involved in immune responses, 
cell differentiation, cell-cell signaling, cell adhesion, and signal 
transcription and transduction.110 In a chicken tonsil model (part 
of the GALT in avian species), treatment with L.  acidophilus 
DNA induced upregulation of several genes involved in pro-
inflammatory signaling pathways, including STAT2, STAT4, 
IL-18, MyD88, IFNα and IFNγ.111 The administration of probi-
otic species induced a multitude of genetic changes, demonstrat-
ing how the GALT may respond to changes in the gut microbiota.

The two-way communication between the lymphoid organs 
of the gut and the intestinal bacteria is important for the develop-
ment of GALT as well as for homeostasis. For example, Peyer’s 
patches and lymph nodes are underdeveloped and structureless in 
germ-free mice.79 Polysaccharide (PSA) from Bacteroides fragilis 
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class of microbes also includes organisms that may be “alien” 
invaders of established microbiomes. Commensal microbes 
and microbiome research will yield new classes of beneficial 
microbes and probiotics. By virtue of well-documented effects 
on mammalian cells in vitro and in animal models, probiot-
ics clearly can cause biologically significant changes in the gas-
trointestinal tract despite the presence of complex, established 
microbial ecosystems. Whether these microbes are classified as 
indigenous or allochthonous, probiotics are illuminating key 
signaling pathways important in mucosal immunity relevant to 
gut microbes. Probiotics can also serve as a tool to probe mam-
malian immunity and physiology of the gastrointestinal tract, 
and may reveal novel therapeutic approaches for alleviation of 
human diseases.

As summarized in this review, probiotics have been docu-
mented to modulate different signaling pathways in epithelial and 
immune cells. These pathways include NFκB, MAPKs, PI3K/
Akt, and transcriptional regulators such as heat shock transcrip-
tion factor 1 and PPARγ. Intestinal epithelial cells, macrophages, 
dendritic cells and lymphocytes are all affected in some way by 
individual probiotic strains. Future directions in this area should 
continue to elucidate the effects of different strains and include 
global mammalian gene expression profiling in order to explore 
all currently unknown and unappreciated pathways in the host. 
More gene expression, proteomics and metabolomics studies are 
needed to explore how bacteria affect intestinal biology in the 
context of in vivo model systems, laser-microdissected intestinal 
mucosa, and studies of defined cellular populations in vivo. New 
noninvasive imaging studies may help us to understand how fluc-
tuations in the intestinal microbiota may contribute to changes 
in intestinal physiology in vivo.

Investigations of microbial-host signaling inevitably include 
changes in microbial communities and secondary alterations to 
functional metagenomics caused by introduction of probiotics. 
New sequencing technologies are behind a rapid surge in 
metagenomics and studies of microbial composition in the gas-
trointestinal tract. The recent discovery of segmented filamen-
tous bacterium (SFB) and its association with Th17 immune 
responses in the mammalian intestine offers a dramatic punch-
line to the relevance of microbiome research for understanding 
mammalian immunity.120 In addition to aggregate microbial 
composition, the identification of key probiotic genes and strains 
is evolving by virtue of systems biology approaches in probiotics 
and “reference genomes” projects of commensal microbes. Strain 
specificity is an important concept that has emerged originally 
from studies of bacterial pathogenesis. Ultimately any reproduc-
ible biological effect depends on a stable phenotype emanating 
from distinct bacterial clones or strains. In this review, we have 
witnessed examples of the tremendous diversity of biological 
effects conferred by different strains of the same or different bac-
terial species. We will be able to make intelligent decisions on 
how to treat disease phenotypes with probiotics only with greater 
understanding of strain-specific biological features and the ways 
in which such strains modulate host signaling pathways. In con-
clusion, new cell or gene therapy-based approaches may depend 
on the rational selection of natural gut-derived microbes or 

have also demonstrated effectiveness in the prevention of allergic 
disorders, such as eczema. In one such study, high risk pregnant 
mothers were given an oral probiotic cocktail for several weeks 
prior to delivery and their infants were given the same oral cock-
tail for six months after birth. The probiotic cocktail included L. 
rhamnosus GG ATCC 53103, L. rhamnosus LC705 (DSM 7061), 
Bifidobacterium breve Bb99 (DSM 13692), and Propionibacterium 
freudenreichii subsp shermanii JS (DSM 7076). Infants who 
received the probiotic cocktail demonstrated a significant reduc-
tion in the incidence of eczema compared to placebo controls.6 
Another study examined the effects of oral pretreatment with 
Lac-B, a mixture of Bifidobacterium infantis and B. longum, in a 
rat model of nasal hypersensitivity. Prolonged pretreatment with 
Lac-B suppressed histamine H

1
 receptor expression as well as the 

expression and activity of histidine decarboxylase, the enzyme 
responsible for synthesizing histamine from L-histidine. In addi-
tion, Lac-B pretreatment reduced allergic-like symptoms in the 
rats, including sneezing, watery rhinorrhea, and nasal swelling 
and redness.10 These studies plus others have demonstrated that 
orally administered probiotics can exert beneficial effects at sites 
remote to the gastrointestinal tract. These results argue that pro-
biotic effects, at least for certain strains, are not geographically 
restricted.

Many probiotic studies have been performed with species and 
strains that are not indigenous to the human or mouse gastroin-
testinal tracts. It may be difficult for these non-indigenous bac-
terial species and strains to colonize the intestine, especially in 
areas of increased bacterial density or diversity such as the cecum. 
Even transient exposure to probiotics may be sufficient for ben-
eficial effects to be observed. For example, transient exposure to 
L. rhamnosus GG ATCC 53103 induces hsp expression in IECs.27 
In a mouse pup model, there is no evidence of long-term gut 
colonization with human-derived strains L. reuteri ATCC PTA 
6475 and L. reuteri DSM 17938. These two L. reuteri strains, 
however, have profound effects on mouse gastrointestinal physi-
ology and immunology despite their transient passage through 
the gut (Preidis G, unpublished data). The ability of probiotics to 
exert their beneficial effects even with transient exposure to the 
host suggests that colonization of the gut may not be essential 
for probiotic function, depending on the strain and biological 
effects of interest. A recent study demonstrated that the human 
gut microbiota approaches adult-like complexity in terms of com-
position by the end of an infant’s first year of life.119 This limited 
time frame may provide a “window of opportunity” in which 
the microbial composition of the gut can be significantly altered. 
Only continued work in the HMP and the various associated 
projects examining healthy versus diseased states will enable us 
to answer these types of questions.

Conclusions and Future Directions

The complex gut microbiome is not a “silent organ” or simply a 
collection of passenger microorganisms; rather, intestinal micro-
bial communities represent active participants in mammalian 
immunity and physiology. Probiotics include member species 
of indigenous gastrointestinal microbial communities, but this 
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