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Chapter 17
Probiotic Lactobacilli, Infection, 
and Immunomodulation

Sumanpreet Kaur, Preeti Sharma, and Sukhraj Kaur

Abstract  Immunomodulatory agents are potentially believed to play important 
roles in infectious, allergic, and autoimmune diseases. The probiotic bacteria such 
as lactobacilli have immunomodulatory properties and are generally regarded as 
safe. Thus, they can be used as adjuvants for the treatment of infectious and allergic/
autoimmune diseases. The immunomodulatory properties of five lactobacilli spe-
cies such as Lactobacillus casei, L. rhamnosus, L. paracasei, L. gasseri, and L. 
acidophilus have been well studied. This book chapter summarizes the various stud-
ies which have reported immunomodulation by Lactobacillus species. Further, the 
immunomodulatory molecules produced by lactobacilli have been discussed. The 
immunomodulatory effects of Lactobacillus species are strictly strain-specific and 
in some cases yielded contrasting results in different hosts. Thus, use of lactobacilli 
as immunomodulatory agent for therapeutic use should be strictly backed by human 
clinical trials. Further, some of the immunomodulatory molecules are known to play 
role(s) in immunopathogenesis of allergic diseases. Thus probiotic lactobacilli spe-
cies to be used as therapeutic agents should be screened for their ability to secrete 
harmful metabolites.

Keywords  Allergic disease · Cytokine · GABA · Immunomodulatory · 
Lactobacilli · SCFA

17.1  �Introduction

Lactic acid bacteria (LAB) are Gram-positive, catalase-negative, acid-tolerant bac-
teria belonging to phylum Firmicutes (Fig. 17.1). They produce lactic acid as major 
metabolic end product of carbohydrate fermentation. The genus Lactobacillus com-
prises the largest group of rod-shaped, non-sporulating and facultative anaerobes 
that contains 154 species. Lactobacilli are ubiquitous in nature and found in milk, 
fermented food products, and beverages. They comprise almost 0.01% of the gut 
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microbiome of human and animal tracts (Finegold et al. 1983). The proportion of 
lactobacilli in the vagina and oral cavity is quite high probably because of their abil-
ity to persist under harsh physiological conditions such as at low pH and their ability 
to bind to the vaginal epithelial cells.

Lactobacilli have a long history of safe consumption by humans through fer-
mented foods, and therefore they have been accorded GRAS status (generally 
regarded as safe) by the World Health Organization (FAO/WHO 2001). They are the 
most common bacterial genera that are used as probiotics. Probiotics are defined as 
live microbial food supplements of human origin beneficially influencing human 
health by improving the intestinal microbial balance (FAO/WHO 2001). As the pro-
biotic potential of bacteria is strain-specific, every lactobacilli strain should be 
screened for some characteristics such as the ability to survive and adhere to the 
intestinal tract, form strong biofilms, and auto-aggregate and co-aggregate with 
pathogens (Havenaar et  al. 1992). Lactobacillus strains are known to benefit the 
host due to their various functional properties such as acting as microbial barriers 
against gastrointestinal pathogens, causing competitive exclusion of pathogen bind-
ing, and producing inhibitory compounds, such as organic acids, e.g., lactic acid and 
acetic acid, hydrogen peroxide, and cationic peptides, e.g., bacteriocins (Bermudez-
Brito et al. 2012). They are also known to strengthen both the innate and adaptive 
immune system against pathogens as they have immunomodulatory properties. In 
this chapter five Lactobacillus spp. whose immunomodulatory properties have been 
widely reported worldwide will be reviewed, and further the various compounds of 
the lactobacilli that have immunomodulatory potential shall be discussed.

17.2  �Gut-Associated Lymphoid Tissue (GALT)

The lactobacilli form less than 1% of gut microflora. The various persistent species 
present in human feces are mostly L. gasseri, L. crispatus, L. reuteri, L. salivarius, 
and L. ruminis, and the sporadic species belong to L. acidophilus, L. plantarum, and 
L. casei group (L. casei, L. paracasei, and L. rhamnosus; Walter 2008). In the gut 
these lactobacilli species interact with the immune cells and are believed to cause 
immunomodulation. The gut mucosa consists of various immune cells that protect 

Fig. 17.1  The 
classification of 
Lactobacillus spp. and the 
Gram-stained microscopic 
view (1000×) of 
lactobacilli cells
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the host from the pathogens (Fig. 17.2). The epithelial cells of the gut contribute to 
innate immunity as they form tight junctions; secondly the mucus produced by gob-
let cells shields the epithelium from the action of gut enzymes, microorganisms, and 
other luminal contents. The intestinal epithelium contains a large population of lym-
phocytes known as intraepithelial lymphocytes (IELs), which recognize and elimi-
nate infected epithelial cells and microorganisms. IELs are unique because they 
have high proportions of γδ T cells that do not require major histocompatibility 
complex (MHC) presentation of antigens for activation. Other important cells are 
Paneth cells located at the base of the crypts within the small intestine that secrete a 
vast array of antimicrobial proteins (Bevins and Salzman 2012) following microbial 
recognition via pattern recognition receptors, including Toll-like receptors (TLRs) 
and nucleotide-binding oligomerization domain (NOD)-like receptors (Kobayashi 
et  al. 2005). In the lamina propria (LP), dendritic cells (DCs) extend processes 
between the epithelial cells and sample the contents of the gut lumen, following 
which they activate lymphocytes (Niess and Reinecker 2006). The LP contains large 
numbers of dendritic cells and effector lymphocytes such as immunoglobulin A 
(IgA)-producing plasma cells and cluster of differentiation (CD) 4+ T cells.

The commensals present in the gut are important for the health of gut immune 
system because they are both immunostimulatory and immunomodulatory in nature. 
Immunostimulatory functions involve development of immune system, mainte-
nance of healthy epithelial cell lining, recruitment of immune cells to the epithe-
lium, and stimulation of the production of antimicrobial peptides and other innate 
immune effector molecules by immune cells. Immunomodulatory functions involve 
influencing the type of immune response through modulating the differentiation of 
immune effector cells (Fig. 17.3; Ivanov and Honda 2012).

Fig. 17.2  The structure of small intestine mucosa along with associated immune cells
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17.3  �Immunomodulatory Role of Lactobacilli

Various reports have demonstrated that lactobacilli can modulate host’s immune 
system because they are potential adjuvants triggering mucosal and systemic 
immune responses. Lactobacilli have been shown to interact with various cells like 
natural killer (NK) cells, enterocytes, dendritic cells, macrophages, and T helper 
(Th) 1 and Th2 and T regulatory (Treg) cells and may modulate the immune response 
either toward pro- or anti-inflammatory type. The immunomodulatory effects of 
lactobacilli include their potential to activate, cause maturation, and induce cytokine 
production through interaction with immune cells. The immunomodulatory 

Fig. 17.3  Mechanism of bacterial immunomodulation of gut immune system
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properties of some lactobacilli such as L. casei, L. rhamnosus, L. paracasei, L. gas-
seri, and L. acidophilus have been very well studied. These strains have the poten-
tial to be used as probiotics for the treatment of allergic and inflammatory diseases 
as shown by various animal studies.

17.3.1  �Lactobacillus casei

L. casei is a facultative heterofermentative, acid-resistant, lactic acid-producing 
bacterial strain found in the mouth and intestinal tract of humans. L. casei can be 
isolated from cheddar cheese during maturation process. L. casei Shirota (LcS) is 
commercially available in probiotic-fermented milk drink, Yakult. Both probiotic 
and immunomodulatory roles of L. casei have been well documented.

Some reports suggested that LcS enhanced the NK cell activity in vitro (Dong 
et al. 2010) as well as stimulated the cytokines such as interleukin (IL)-10, IL-12, 
and tumor necrosis factor (TNF)-α and interferon (IFN-γ) production (Shida et al. 
2006). Another report showed that L. casei DN-114001 elevated the number of CD4 
Fox P3 Tregs in the mesenteric lymph nodes and reduced the production of the pro-
inflammatory cytokines TNF-α and IFN-γ (Zakostelska et al. 2011). Contrary find-
ings were observed by Shida et  al. (2002) in the food allergy mice model. 
Intraperitoneal injection of heat-killed LcS induced a rise in serum IL-12 levels, and 
the reduction in the levels of IgE and IgG by splenocytes was observed.

Kato et  al. (1984) demonstrated that intraperitoneal application of L. casei in 
murine model activated macrophages by increasing their phagocytic and enzyme 
activities and also activated NK cells, which play an important role in tumor killing. 
In a human clinical trial, LcS-containing Yakult was orally administered to middle-
aged and elderly individuals for 3 weeks, and the NK cell activity was determined. 
Although the numbers of NK cells and CD4+ and CD8+ T cells remained same, the 
NK cell activity was enhanced at 1 week, 3 weeks, and 6 weeks after the start of 
intake. However in elderly individuals, no effect on NK cell activity was observed 
(Takeda and Okumura 2007). In another similar report by Hashimoto et al. (1985), 
it was demonstrated in an in vitro assay that L. casei administration activated the 
Kupffer cells and immune cells associated with spleen, lung, and peritoneal macro-
phages. Perdigon et al. (1986) demonstrated that oral administration of L. casei led 
to lymphocytes and macrophage stimulation. Subsequent studies by Perdigon et al. 
(1990, 1991) showed that treatment with L. casei-activated cells in GALT even at 
low doses led to significantly higher production of secretory IgG in intestinal fluid, 
providing protection against infections such as Salmonella.

Herías et al. (2005) showed that LcS had positive effect in case of the prevention 
of experimental ulcerative colitis in a mice model. Treatment with LcS showed an 
increase in colonic epithelial regeneration in murine model of ulcerative colitis in 
the chronic stage. In vivo effects of oral administration of LcS were tested in skin 
allergy mice model and experimental autoimmune encephalomyelitis (EAE) rat 
model. LcS abrogated Th1 response and thus proved effective in mice allergy model, 
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but it worsened the symptoms in EAE model (Baken et al. 2006). An ex vivo treat-
ment of the gut mucosal cells isolated from the ileum of Crohn’s disease patients 
with both L. casei and L. bulgaricus resulted in significant reduction in the numbers 
of CD4+ cells as well as TNF-α expression among IEL (Borruel et al. 2002).

17.3.2  �Lactobacillus rhamnosus

L. rhamnosus is a heterofermentative, facultative anaerobe found in abundance in 
the genitourinary tract of healthy females and fecal samples. L. rhamnosus GG 
(LGG) is the most extensively studied lactobacilli strain. LGG was originally iso-
lated from human feces of healthy adults by Sherwood Gorbach and Barry Goldwin 
(Doron et al. 2005).

Pena and Versalovic (2003) demonstrated that LGG specifically inhibited TNF-α 
production in murine macrophages. Balejko et al. (2015) demonstrated that LGG 
cells immobilized in capsules as well as LGG metabolites activated the release of 
cytokine IL-10 and tumor growth factor (TGF)-β1 in human peripheral blood mono-
nuclear cells (PBMCs) and downregulated the production of IFN-γ. Kopp et  al. 
(2008) demonstrated in an in vitro study that there was a significant increase in 
IL-10, IFN-γ levels in the supernatant of LGG-treated PBMCs. However, another 
study showed that LGG was least effective among other probiotic bacteria such as 
Leuconostoc mesenteroides and Streptococcus spp. in the induction of various cyto-
kines such as TNF-α, IFN-γ, IL-12, and IL-10  in PBMC culture supernatants 
(Kekkonen et al. 2008).

Fong et al. (2015) studied the immunomodulatory effects of LGG on human den-
dritic cells (DCs), macrophages, and monocytes. Results showed that LGG down-
regulated the TLR2 mRNA levels of DCs and monocytes and both TLR2 and TLR8 
mRNA levels of macrophages. The levels of IL-12, TNF-α, and IL-10 increased in 
both treated macrophages and monocytes, whereas the levels of Th2 cytokines, IL-4 
and IL-25, decreased. Another report by Fong et al. (2016) showed immunomodula-
tory effect of LGG cells and LGG-derived soluble factors on human PBMCs + DC 
co-cultures. Both the treatments increased the TLRs on the surface of PBMCs and 
the pro-inflammatory Th1 and Th17 immune responses. In another study, immuno-
modulation of human DCs by L. rhamnosus Lcr35 was demonstrated (Evrard et al. 
2011). Lcr35 treatment led to dose-dependent maturation of DCs that was associ-
ated with upregulation of membrane expression of CD86, CD83, human leukocyte 
antigen-antigen D related (HLA-DR), and TLR4. Further, Lcr35 induced strong 
dose-dependent increase of Th1/Th17 cytokine levels (TNF-α, IL-1β, IL-12, IL-23) 
but a low increase in IL-10 levels from DCs. In another study by Miettinen et al. 
(2000), LGG was shown to directly and very rapidly activate nuclear factor kappa B 
(NF-κB) in human macrophages that was not inhibited in the presence of protein 
synthesis inhibitor, cycloheximide.

To study the immunomodulatory effect of Lactobacillus spp. in mice, Kirjavainen 
et al. (1999) orally administered 109 colony-forming units (CFUs) of four different 
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Lactobacillus spp. (L. acidophilus, L. casei, L. rhamnosus, and L. gasseri) to mice 
for 7 days, L. rhamnosus along with L. gasseri and L. casei was shown to inhibit 
lipopolysaccharide (LPS)-mediated murine lymphocyte proliferation ex vivo. Wu 
et al. (2016) studied the effect of LGG in allergic murine model. The results showed 
that the levels of Th2 cytokines and IgE were significantly decreased in both serum 
and bronchoalveolar lavage fluid after treatment with LGG as compared to untreated 
OVA-sensitized mice.

The human clinical trials of LGG were also conducted. Kalliomaki et al. (2001, 
2003, 2007) in a series of randomized placebo-controlled clinical trials demon-
strated that the oral administration of LGG-containing capsules (1010 CFU daily) to 
mothers prenatally (2–4 weeks) and to postnatal pediatric subjects (6 months) in 
families with a history of atopic disease significantly lowered the risk of eczema at 
the age of 2, 4, and 7 years. However, allergic rhinitis and asthma tended to be more 
common in the LGG-treated group, and no significant differences were found in 
incidence of cow milk allergy. On the other hand, similar clinical trials with LGG 
repeated in Germany in families with atopic dermatitis did not yield any beneficial 
results (Fölster-Holst et al. 2006). The differences may be attributed to differences 
in the LGG strains and different population.

17.3.3  �Lactobacillus paracasei

L. paracasei is a member of the normal human and animal gut microbiota. It is 
extensively used in the food industry as starter cultures for dairy products and also 
as probiotic (Marchand and Vandenplas 2000).

D’Arienzo et al. (2011) studied the immunomodulatory roles of five strains of L. 
paracasei. All the isolates had the ability to induce phenotypic maturation of DCs, 
increasing surface expression of CD11c and CD80 at levels comparable with LPS 
stimulation; however surface expression of CD86 was higher than that of LPS stim-
ulation. The cytokine profile analysis showed variation among isolates. Isolate 
LMGP-17806 increased IL-12 production when co-administered with LPS, whereas 
in case of isolate ATCC334, IL-12 production was decreased. Similarly, IL-10 and 
IL-2 levels were increased when lactobacilli were co-administered with LPS. No 
significant differences were observed in case of TNF-α levels when lactobacilli 
were administered alone or along with LPS.

L. paracasei NCC2461 altered the cytokine profiles of murine CD4+ T lympho-
cytes. Dose-dependent inhibition of proliferative capacity of CD4+ T cells was seen 
after treatment with L. paracasei. Further, the in vitro stimulation of lymphocytes 
cultures with L. paracasei cells resulted in a dose-dependent increase in IL-10 and 
TGF-β levels, whereas the Th1 and Th2 effector cytokine production such as IL-4, 
IL-5, and IFN-γ decreased greatly (von de Weid et al. 2001).

In mice, oral administration of L. paracasei KW3110 increased IL-12 secretion 
and reduced IL-4 secretion from splenocytes, but no effect was seen in levels of 
IFN-γ (Fujiwara et al. 2004). A study conducted by Zhu et al. (2016) demonstrated 
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the positive effect of oral administration of L. paracasei L9 on mouse systemic 
immunity by enhancing phagocytic activity of peritoneal macrophages and prolif-
eration ratio of splenocytes, IgG levels in serum, and IgA levels in mucosa. L9 
induced Th1-polarized immune response by elevating IFN-γ/IL-10 ratio in mucosa 
as well as induced IL-12 in macrophages. Increased expression of TLR-2 mRNA in 
mucosa was also observed.

Immunomodulatory activity of L. paracasei subsp. paracasei NTU101 in entero-
hemorrhagic E.coli O157:H7-infected BALB/c mice was investigated by Tsai et al. 
(2010). Oral administration of L. paracasei to mice resulted in weight gain and 
lowered the cumulative morbidity rates. The upregulation of dendritic cells, Th cell 
activation, and antibody production in post- and pre-treated mice were observed as 
compared to untreated mice. L. paracasei downregulated the expression of TLRs on 
macrophages and pro-inflammatory cytokines and chemokines in post- and pre-
feeding mice induced by E. coli infection, thus inhibiting the inflammation.

17.3.4  �Lactobacillus gasseri

L. gasseri is a homofermentative rod-shaped bacterium which can be isolated from 
human mouth, gut, and vagina. L. gasseri is known for weight maintenance and 
providing protection against pathogens. Research suggested that L. gasseri speeds 
up the metabolism, therefore resulting in weight loss (Kang et al. 2013). The other 
in vivo effects of L. gasseri include cholesterol-lowering effects (Ooi et al. 2010), 
alleviating symptoms of allergic responses and asthma (Chen et  al. 2010), and 
reduction in menstrual pain in women suffering from endometriosis (Itoh et  al. 
2011).

Luongo et al. (2013) demonstrated the immunomodulatory abilities of L. gasseri 
OLL2809 and L13-Ia. Direct incubation of murine DCs with irradiated L. gasseri 
cells induced the secretion of cytokines IL-12, IL-10, and TNF-α in the supernatant. 
Further they explored the cross talk between gut enterocytes and DCs that is influ-
enced by probiotic bacteria such as L. gasseri. The treatment of DCs with the super-
natant of bacterial-conditioned murine enterocyte cell line completely suppressed 
the expression of all the three cytokines.

Human clinical trials with different strains of L. gasseri have been conducted. 
Chen et al. (2010) conducted a randomized, double-blind, placebo-controlled study 
on the oral administration of L. gasseri A5 to the children suffering from asthma and 
allergic rhinitis. The study concluded that probiotic intake significantly improved 
the pulmonary function tests and the disease symptoms and significantly decreased 
TNF-α, IFN-γ, and IL-13 production by PBMCs was also observed. Another ran-
domized, double-blind clinical trial conducted by Olivares et al. (2006) suggested 
that the consumption of the fermented product containing strains, L. gasseri CECT 
5714 and L. coryniformis CECT 5711, boosted the immune system of healthy 
humans by increasing the numbers of phagocytic cells such as monocytes and neu-
trophils, as well as their phagocytic activity. The increase in proportion of NK cells, 
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IgA concentrations, and the levels of serum IL-10 and IL-4 was also observed after 
2 weeks treatment. After 2 weeks of treatment, significant decrease was observed in 
serum IgE levels. IgE is involved in allergic responses; therefore decrease in IgE 
levels could be beneficial for allergic patients.

17.3.5  �Lactobacillus acidophilus

L. acidophilus is a homofermentative bacterium that can be isolated from human 
vagina, gut, and mouth. As part of starter culture, it is used in the production of vari-
ous dairy products such as acidophilus milk and cheese. L. acidophilus has been 
shown to inhibit the growth of Candida albicans by inhibiting the biofilm formation 
by C. albicans (Vilela et al. 2015).

The immunomodulatory role of L. acidophilus was studied in in vitro cultures. L. 
acidophilus was shown to bind to DC via DC-specific ICAM-3-grabbing noninteg-
rin (DC-SIGN) and activate concentration-dependent IL-10 production 
(Konstantinova et al. 2008). The binding of L. acidophilus cells with DCs with the 
mutant strain that lacked surface S-layer A protein and had dominant expression of 
S-layer protein B was significantly reduced. Also the DCs treated with mutant strain 
produced pro-inflammatory cytokines in higher amounts as compared to parental 
strain.

A study conducted by Gill et al. (2000) showed that mice fed on L. acidophilus 
(109 CFUs) had enhanced phagocytic activity of blood leukocytes and macrophages 
as compared to controls. The levels of sera antibodies were also significantly 
enhanced. Further, the spleen cells isolated from the treated mice produced signifi-
cantly higher amounts of IFN-γ in response to concanavalin A, i.e., T-cell mitogen, 
as compared to control, whereas no significant increase was observed in IL-4 pro-
duction. This study suggested that diet supplemented with these bacteria enhanced 
both cell-mediated and humoral immunity in healthy mice.

Maroof et al. (2012) showed that administration of L. acidophilus in breast can-
cer murine model can modulate immune responses and thereby cause reduction in 
tumor volume. The pro-inflammatory response due to enhanced production of 
IFN-γ and the decrease in IL-4 levels from splenocytes was observed.

17.4  �Immunomodulatory Molecules

The immunomodulatory functions of different cell wall-associated and secreted 
molecules of lactobacilli have been studied. The prominent ones among cell wall-
associated immunomodulatory molecules are exopolysaccharides (EPS) and among 
those secreted are secretory EPS, γ-aminobutyric acid (GABA), short-chain fatty 
acids (SCFA), and biogenic amines (Fig. 17.4).
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17.4.1  �EPS

EPS are high molecular weight molecules composed of sugar residues produced by 
microorganisms. They are important for the structural integrity of biofilms and also 
determine the physiochemical properties of the biofilm. They are made up of either 
homo- or heteropolysaccharides. The food applications of EPS are well known; for 
example, EPS have been commercially used as additives to improve texture as well 
as viscosity of naturally fermented milk products and prevented syneresis in fer-
mented milk products. The lactobacilli-derived EPS have many health-benefiting 
potentials such as having antitumor, anti-ulcer, antioxidant, cholesterol-lowering, 
and immunostimulating activities (Patten and Laws 2015; Kim et al. 2010).

Few research studies have shown the immunomodulatory activities of purified 
EPS and EPS-producing bacteria. In in vitro study in murine macrophage cell line 
RAW264.7 cells, the EPS of L. paracasei subsp. paracasei NTU 101 and L. planta-
rum NTU 102 stimulated the dose-dependent increase in pro-inflammatory cyto-
kine production (TNF-α, IL-6, and IL-1β). Further, EPS from both the cultures also 
increased the proliferative and phagocytic abilities of RAW264.7 cells (Liu et al. 
2011). Similar results were obtained by Ciszek-Lenda et  al. (2011), where they 

Fig. 17.4  The various immunomodulatory molecules of lactobacilli
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reported that EPS derived from L. rhamnosus KL37 enhanced the production of 
both pro-inflammatory (TNF-α, IL-6, IL-12) and anti-inflammatory (IL-10) cyto-
kines from murine macrophages. They also demonstrated that EPS made cells toler-
ant to subsequent stimulation by same stimulus.

Gorska et al. (2014) demonstrated the differential immunomodulatory properties 
of two EPS – L900/2 and L900/3 produced by L. rhamnosus LOCK 0900. Exposure 
of mouse bone marrow-derived dendritic cells (BM-DC) to both the EPS did not 
trigger the production of cytokines; however, they differentially modulated the 
immune responses of BM-DC to L. plantarum. L900/2 along with L. plantarum 
cells induced the production of IL-10 levels, whereas L900/3 along with L. planta-
rum led to enhanced levels of IL-12 secretion by BM-DC. Further they showed in 
an experimental-induced allergy mouse model that L900/3 abrogated the ovalbumin 
allergen-induced IL-4, IL-5, IL-10, and IL-13 production in the spleen and mesen-
teric lymph nodes and thus has the potential to be used as therapeutic agent for the 
treatment of allergy (Gorska et al. 2017).

Another report by Gorska et al. (2016a) showed immunomodulatory properties 
of two different EPS 919/A and 919/B isolated from L. casei in BM-DC. Both the 
EPS did not induce the production of cytokines IL-10 and IL-12 in BM-DC; how-
ever coincubation of BM-DC with L. plantarum and the EPS induced the produc-
tion of IL-10, but no changes in IL-12 levels were observed.

In another study by Gorska et al. (2016b), the EPS were purified from different 
lactobacilli species isolated from the gut of mice model of inflammatory bowel 
disease and from the gut of healthy mice. The EPS from all the isolates induced 
human mononuclear DCs to secrete cytokine weakly as compared to whole bacte-
ria. The treatment of DCs with purified EPS did not alter the cytokine profile except 
L. johnsonii E142 which induced murine BM-DC to produce of IL-10 and IL-12 
and human mononuclear DCs to secrete IL-6, IL-10, and TNF-α.

The in vivo effects of EPS of L. kefiranofaciens known as kefiran isolated from 
the fermented milk product kefir on the gut mucosal immunity were investigated 
(Vinderola et al. 2006). EPS in a dose-dependent manner induced the production of 
IgA in both the large and small intestine. It also induced the secretion of cytokines 
IL-4 and IL-12  in the intestinal fluid and slightly enhanced the number of IL4+, 
IL6+, and IL10+ T cells in the LP of the small and large intestine. In another study, 
oral administration of EPS of a particular strain of L. delbrueckii spp. bulgaricus 
OLL1073R-1 to mice induced the enhanced the NK cell activity, whereas, under 
in vitro conditions, it induced the mouse splenocytes to produce IFN-γ (Makino 
et al. 2006, 2016).

17.4.2  �GABA

GABA is a nonprotein amino acid produced by decarboxylation of glutamate by 
action of enzyme, glutamic acid decarboxylase (GAD). Immune cells like macro-
phages, lymphocytes, dendritic cells, and monocytes express GABA receptors, 
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through which GABA regulates their immune responses. There are two types of 
GABA receptors  – GABAA and GABAB  – expressed differentially on different 
immune cells. GABAA receptors are present on the cell surface of T cells and den-
dritic cells where they form functional channels through which they modulate pro-
liferation, cytokine release, inflammatory response, and intracellular calcium 
concentrations.

GABA primarily functions as an inhibitor neurotransmitter in the brain of ani-
mals, but it is also known to have immunomodulatory functions in animals. Some 
of the reported immunomodulatory functions of GABA include downregulation of 
T-cell proliferation, reduction of the levels of IL-2, downregulation of Th1 prolif-
eration, and therefore inhibition of delayed-type hypersensitivity response in vivo 
(Jin et al. 2013). GABA transporters (GAT) are also reported to be present on vari-
ous immune cells. The deficiency of GAT in mice leads to increased T-cell prolifera-
tion and cytokine production. GABAergic agents, like topiramate and vigabatrin, 
lead to dose-dependent inhibition of cytokines IL-17 and IFN-γ produced by T cells 
and TNF, IL-6, and IL-10 produced by either T cells or DCs and macrophages (Bhat 
et al. 2009). Some Lactobacillus spp. are known to have gene for GAD enzyme and 
thus have been shown to produce GABA in the culture supernatant (Barrett et al. 
2012; Dhakal et al. 2012), and thus theoretically the GABA-producing strains can 
modulate the immune response.

17.4.3  �SCFA

Lactobacilli are known to carry out saccharolytic conversion of nondigestible car-
bohydrate to produce SCFA that are two- to six-carbon volatile acids (Pessione 
2012). The prominent SCFA are acetate, propionate, and butyrate. Amino acid fer-
mentation can also lead to production of SCFA mainly acetate and butyrate produc-
tion. Lactobacilli are known to synthesize SCFA by fermenting pyruvate and by the 
phosphoketolase route under heterofermenting conditions (Pessione 2012). SCFA 
can easily pass into the blood stream through the gut epithelium. Butyrate and pro-
pionate have been shown to induce a strong anti-inflammatory response in the 
human monocyte-derived dendritic cells in vitro (Nastasi et al. 2015). Transcriptomic 
analysis showed that treatment of mature dendritic cells with butyrate upregulated 
458 genes and downregulated 322 genes, whereas propionate treatment upregulated 
230 genes and downregulated 41 genes in total. The prominent genes downregu-
lated belong to pro-inflammatory chemokines such as chemokine (C-C motif) 
ligand (CCL)-3, CCL4, CCL5, chemokine (C-X-C motif) ligand (CXCL)-9, 
CXCL10, and CXCL11. Also butyrate and propionate inhibited the expression of 
LPS-induced cytokines such as IL-6 and IL-12p40. In another report, it was shown 
that feeding SCFA to germ-free mice enhanced the levels of colonic Tregs (Smith 
et al. 2013) and feeding butyrate enhanced the levels of peripheral Tregs in antibiotic-
treated mice (Arpaia et  al. 2013). Treatment of BM-DC with butyrate led to the 
downregulation of LPS-induced pro-inflammatory mediators, such as nitric oxide, 
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IL-6, and IL-12, via acting on histone deacetylases thus probably playing an impor-
tant role in gut tolerance (Chang et al. 2014).

17.5  �Biogenic Amines

Biogenic amines are molecules with one or more amine groups. They are generated 
by decarboxylation of amino acids or by transamination or amination of ketones or 
aldehydes. Biogenic amines include monoamines such as histamine, serotonin, and 
three catecholamines (epinephrine, norepinephrine, and dopamine) and polyamines 
such as cadaverine, putrescine, spermine, and spermidine (Fig. 17.5).

Several studies have suggested that histamine receptors (HRs) are expressed not 
only on mast cell and basophils but also on other immune cells such as lympho-
cytes, neutrophils, macrophages, and DCs, therefore modulating the function of 
these cells in the immune system. Histamine has a role in the immunopathogenesis 
of allergies and anaphylaxis as it is known to cause vasodilation, smooth muscle 
contraction, and mucus production. However, as it downregulates the proliferation 
of Th1 cells and upregulates the proliferation of Th2 cells, it again has a role in 
allergic disease and asthma. Histamine induces the secretion of Th2 cytokines such 
as IL-4, IL-5, IL-10, and IL-13 and inhibits the production of Th1 cytokines such as 
IL-2, IFN-γ, and IL-12 (Shahid et al. 2009). Lactobacilli are known to produce bio-
genic amines especially tyramine and putrescine (Lucas et al. 2007); however, the 
production of amines is strain-specific. There are reports that the absorption of bio-
genic amine in systemic circulation at high concentrations can result in toxicity due 
to enhanced release of adrenaline and noradrenaline that induces gastric acid secre-
tion, increased blood glucose levels, and high blood pressure (Shalaby 1996) lead-
ing to hypertensive crisis ultimately causing end-organ damage in the heart or 
central nervous system (McCabe-Sellers et  al. 2006; Blackwell 1963). Also 
increased levels of putrescine have been detected in gastric carcinomas caused by 
Helicobacter pylori (Shah and Swiatlo 2008).

Fig. 17.5  Various biogenic amines and their precursors
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17.6  �Conclusions

Few Lactobacillus spp. have strong immunomodulatory abilities and thus can be 
potentially therapeutic in certain health conditions such as allergic, inflammatory 
autoimmune diseases, and infectious diseases. Further, due to their immunomodula-
tory nature, lactobacilli have been reported to enhance the effectiveness of several 
candidate mucosal vaccines against malaria, HIV, and infantile diarrhea as shown in 
animal models (Amdekar et al. 2010). However, the immunomodulation by lactoba-
cilli depends on the bacterial strain and host, and it has been noted that at times 
in vitro studies do not correlate with in vivo results. Thus, human clinical trials of 
the therapeutic effectiveness of Lactobacillus spp. or its metabolites in patients are 
strongly recommended. Further, none of the clinical trials of Lactobacillus spp. in 
humans had shown any evidence of infection or side effects, thus, proving their 
GRAS status. Furthermore, the EPS of some Lactobacillus spp. have also shown 
immunomodulatory behavior; therefore they can be the safer alternatives as com-
pared to live probiotic cells especially for the immunocompromised patients. As 
some lactobacilli strains are known to produce high amounts of biogenic amines, 
therefore probiotic lactobacilli should be screened for their ability to secrete bio-
genic amines.
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