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Abstract: Immune defence against pathogenic agents comprises the basic premise for the
administration of vaccines. Vaccinations have hence prevented millions of infectious illnesses,
hospitalizations and mortality. Acquired immunity comprises antibody and cell mediated responses
and is characterized by its specificity and memory. Along a similar congruent yet diverse mode of
disease prevention, the human host has negotiated from in utero and at birth with the intestinal
commensal bacterial cohort to maintain local homeostasis in order to achieve immunological tolerance
in the new born. The advent of the Human Microbiome Project has redefined an appreciation of the
interactions between the host and bacteria in the intestines from one of a collection of toxic waste
to one of a symbiotic existence. Probiotics comprise bacterial genera thought to provide a health
benefit to the host. The intestinal microbiota has profound effects on local and extra-intestinal end
organ physiology. As such, we further posit that the adjuvant administration of dedicated probiotic
formulations can encourage the intestinal commensal cohort to beneficially participate in the intestinal
microbiome-intestinal epithelia-innate-cell mediated immunity axes and cell mediated cellular
immunity with vaccines aimed at preventing infectious diseases whilst conserving immunological
tolerance. The strength of evidence for the positive effect of probiotic administration on acquired
immune responses has come from various studies with viral and bacterial vaccines. We posit that the
introduction early of probiotics may provide significant beneficial immune outcomes in neonates prior
to commencing a vaccination schedule or in elderly adults prior to the administration of vaccinations
against influenza viruses.
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1. Introduction

The history of vaccines is reported to date back to the late 18th century [1]. The contentious issues
relevant to the value of vaccines that have been advanced at different times, notwithstanding the
administration of vaccinations have comprised one of the brightest episodes in medicine’s contribution
to human health and longevity. Although they are one of the most beneficial and cost-effective disease
prevention methods to date, there is still the capacity to optimise the protective effect of immunizations
in countries with already maximal levels of childhood immunization [2,3]. As such, modalities, which
increase the efficacy of immunizations will help protect the substantial proportion of children who
remain vulnerable and susceptible to infections [4].

Vaccine-induced immune effectors are essentially antibodies that are produced by B lymphocytes
and which proficiently and specifically bind to a toxin or a pathogen [5]. Additional potential effectors
include cytotoxic CD8+ T lymphocytes that may limit the spread of infectious agents by identifying and
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neutralizing infected cells or by secreting specific antiviral cytokines. The generation and maintenance
of both B and CD8+ T cell responses is supported by growth factors and signals provided by CD4+

T helper lymphocytes. CD4+ T helper lymphocytes commonly subdivide into T helper 1 and T
helper 2 subtypes. These effectors are controlled by regulatory T cells (Treg) that are involved in
maintaining immune tolerance [6]. Most antigens and administered vaccines trigger both B and T
cell responses. As such there is no rationale for vaccines to oppose antibody production via humoral
immunity reactions and T cell responses via cellular immunity. Furthermore CD4+ T cells activation
are compulsory for most antibody responses, while antibodies exert significant influences on T cell
responses to intracellular pathogens [7].

The intestines of humans is the anatomical site for the most complex and extensive collection of
microscopic entities, that includes, bacteria, archaea, microbial eukaryotes and viruses, collectively
termed as the microbiome [8]. It has been reported that the intestinal microbiome of healthy
individuals is dominated by bacterial species from the Bacteriodetes and Firmicutes phyla, with
representation from additional less dominant phyla, namely Actinobacteria, Fusobacteria, Proteobacteria
and Verrucomicrobia [9]. In the gut there is an established complex and refined immune system
that protects from pathogen infections, while maintaining tolerance to food, environmental and
non-pathogenic bacterial antigens. The mucus layer over the intestinal epithelia contains antimicrobial
effectors and secretory IgA and is the first defensive component of the intestines [10]. The intestinal
epithelia through its secretory antibacterial peptides and innate and adaptive immune system network
of cells regulate intestinal immunity. Intestinal mucosal immune cells are specifically organized
to form the gut-associated lymphoid tissue (GALT), where immune cells are activated by bacterial
antigen triggers. Probiotics are reported to improve intestinal microbial profiles by balancing and
promoting homeostasis in the microbial community following perturbing events that can trigger
intestinal microbial dysbiosis, as well as intestinal epithelial cell dysbiosis (a gut barrier abnormality);
such as the administration of antibiotic therapy [11]. Probiotic administration is posited to positively
influence local immunological equilibrium and local and extra-intestinal physiology [12].

Probiotics can be viewed as biological response modifiers [13,14] that are capable of exerting their
health effects via a combination of mechanisms. These mechanisms include competitive displacement
of pathogens in the intestinal lumen, epithelia and intestinal mucosa; the assembly of antimicrobial
proteins toxic to pathobionts (i.e., bacteria that are capable of pathogenic activity against the host),
the production of metabolic substrates for the maintenance of epithelial barrier and mucosal integrity
and the modulation of immune function. Altering the intestinal microbial composition to exert positive
health benefits to the host, the exact mechanism by which probiotics affect their influence, remains
incompletely understood. However, clinical and experimental data indicates an immunomodulatory
effect on the host immune system is involved [4]. The interactions between the human host and the
intestinal microbiome for example, afford the human host the necessary cues for the development
of regulated signals that in part are induced by reactive oxygen species. This regulated activity then
promotes immunological tolerance and metabolic regulation and stability, which helps to establish
control of local and extra-intestinal end-organ (e.g., liver, kidney and mucosal immunity) physiology.
Therefore, pharmacobiotics, defined as the targeted administration of live probiotic cultures, is an
advancing area of potential therapeutics, either directly or as adjuvants [13].

The scientific literature teaches that the administration of probiotics can modulate both innate
and adaptive immunity (Figure 1). Innate immunity is defined as the part of the immune system
that is non-specific and not dependent on prior sensitization to an antigen. Whereas adaptive
immunity provides protection from an infectious disease agent, with responses that are mediated by
B- and T- lymphocytes following exposure to specific antigen(s), and is importantly characterized by
immunological memory [15]. Klein et al., has previously demonstrated that when young adults were
administered a daily probiotic supplement compared to placebo, a significantly elevated proportion of
granulocytes and monocytes showed phagocytic activity [16]. These observations were affirmed by
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the findings of Gill et al., who reported a significant increase in serum antibody responses to antigens
(administered orally and systemically) in mice treated with probiotics [17].
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Figure 1. Vaccine, epithelial barrier function and intestinal homeostasis. Intestinal immunological 
homeostasis is maintained by a complex interplay of the intestinal epithelial and localised immune 
cells. Antigen presenting macrophages/dendritic cells in the mucosa and associated lymphoid tissue, 
Peyer’s patches, mesenteric lymph nodes and lymphoid follicles co-ordinate immunological 
responses to maintain local homeostasis. Intestinal homeostasis supports the vaccine-induced 
production of antigen-specific antibodies via the presentation of vaccine antigen by migrating 
dendritic cells to B cells in the mucosa associated lymphoid tissue. Vaccine antigens also stimulate 
naïve CD4+ and CD8+ T cells to differentiate into cytotoxic T cells and to release antimicrobial 
cytokines. This figure was constructed and adapted from relevant published works [18–20]. 

2. Vaccines, Probiotic Bacteria and Modulation of Immunity 

Vaccines in their current use are described as live attenuated, killed/inactivated, or subunit 
(recombinant) in kind and are mainly administered parenterally [21]. In Australia vaccines are 
predominantly administered intramuscularly. Only a few vaccines are given subcutaneously, either 
orally or intradermally [22]. Some vaccines have been reported to exhibit poor immunogenicity and 
a limited capacity to induce mucosal and cell mediated immunity effects. It is difficult to group 
vaccines that exhibit poor immunogenicity because immune responses to vaccines can be affected by 
numerous factors [23]. For example early life immune responses to vaccines have been reported to be 
characterized by age dependent limitations of the magnitude of the response. That is antibody 
responses to most capsular polysaccharide antigens are not elicited during the first two years of life 
which most likely reflects slow maturation of the splenic marginal zone, limited expression of CD21 
on B cells and limited expression of the complement factors [24]. Even the implementation of the most 
potent glyconjugate vaccines elicit markedly lower IgG responses in infants [25]. Early life antibody 
responses are very much directly influenced by prenatal/gestational age and post-natal age of 
immunization. In late adulthood, changes in vaccine responses are age associated. Innate and cell 

Figure 1. Vaccine, epithelial barrier function and intestinal homeostasis. Intestinal immunological
homeostasis is maintained by a complex interplay of the intestinal epithelial and localised immune
cells. Antigen presenting macrophages/dendritic cells in the mucosa and associated lymphoid tissue,
Peyer’s patches, mesenteric lymph nodes and lymphoid follicles co-ordinate immunological responses
to maintain local homeostasis. Intestinal homeostasis supports the vaccine-induced production of
antigen-specific antibodies via the presentation of vaccine antigen by migrating dendritic cells to B
cells in the mucosa associated lymphoid tissue. Vaccine antigens also stimulate naïve CD4+ and CD8+

T cells to differentiate into cytotoxic T cells and to release antimicrobial cytokines. This figure was
constructed and adapted from relevant published works [18–20].

2. Vaccines, Probiotic Bacteria and Modulation of Immunity

Vaccines in their current use are described as live attenuated, killed/inactivated, or subunit
(recombinant) in kind and are mainly administered parenterally [21]. In Australia vaccines are
predominantly administered intramuscularly. Only a few vaccines are given subcutaneously, either
orally or intradermally [22]. Some vaccines have been reported to exhibit poor immunogenicity and
a limited capacity to induce mucosal and cell mediated immunity effects. It is difficult to group
vaccines that exhibit poor immunogenicity because immune responses to vaccines can be affected
by numerous factors [23]. For example early life immune responses to vaccines have been reported
to be characterized by age dependent limitations of the magnitude of the response. That is antibody
responses to most capsular polysaccharide antigens are not elicited during the first two years of life
which most likely reflects slow maturation of the splenic marginal zone, limited expression of CD21
on B cells and limited expression of the complement factors [24]. Even the implementation of the
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most potent glyconjugate vaccines elicit markedly lower IgG responses in infants [25]. Early life
antibody responses are very much directly influenced by prenatal/gestational age and post-natal age
of immunization. In late adulthood, changes in vaccine responses are age associated. Innate and cell
mediated cellular immunity responses decline with age, which increases the frequency and severity of
infections and reduces the protective effects of vaccinations. The aging process affects the magnitude
and the persistence of antibody responses to protein vaccines [26], tetanus and tick borne encephalitis
vaccines [27] and pneumococcal capsular polysaccharide vaccines [28].

Enhancing mucosal immunity offers an effective strategy for preventing pathogen adhesion to
host tissues (i.e., colonization) and the maximization of vaccine efficacy against infections, which rely
on the adhesion of pathogens such as the invasive disease caused by the pneumococcus pathobiont [29].
It has been demonstrated that probiotic bacteria can influence immune function by direct and indirect
actions [30]. The direct effects include encouraging the intestinal commensal microbiota to alter the
profile of pathogen associated molecular patterns (PAMPs) presented to the gut associated lymphoid
tissue (GALT). Indirect effects may arise from microbial products such as short chain fatty acids
(SCFAs) [31]. Evidence from animal models (with germ free mice) that are highly susceptible to
numerous viral infections, including influenza, indicates that the resident intestinal microbiota shapes
anti-viral defences and modulates the outcome of viral infections [32]. Experiments conducted with
specific pathogen-free mice that were treated with antibiotics support these observations. Antibiotic
treated specific pathogen-free mice given a sub-lethal dose of PR8 virus (influenza virus variant) had
impaired generation of virus specific antibodies, cluster of differentiation CD4+T and CD8+T cell
responses and delayed viral clearance [32]. A further study reported that pathogen-free mice treated
with antibiotics showed reduced migration of respiratory dendritic cells from the lungs to the draining
lymph node during influenza infection [33]. Thus, as a result, a reduction in the priming of naïve
antigen specific CD8+T cells was observed.

Further studies with laboratory animals administered antibiotics have identified specific classes of
bacteria that are involved in maintaining immunity against viral infections. A report demonstrated that
intestinal bacteria sensitive to neomycin completely eliminated Lactobacillus spp. and resulted in the
impairment of influenza-specific CD8+ T cell responses. This result suggested that neomycin sensitive
bacteria in the gut supports the immune response to an influenza infection [32]. Intestinal microbes
have also been suggested to support immune responses against viral infections through effects on
inflammasome-mediated cytokine production and release. In studies where antibiotic-treated mice
showed reduced levels of interleukin-1b secretion in the lung during infection with the influenza
virus, it is suggested that resident intestinal bacteria support cytokine production and release [29].
Furthermore, it was noted that intestinal bacteria can release low-levels of pattern recognition receptor
(PRR) ligands that then provide signals for inflammasome-mediated cytokine release (as an exemplar,
in the lung during infections with influenza virus). Reports show that the activity of respiratory
dendritic cells is regulated during activation of adaptive immunity against the virus [32]. Resident
intestinal bacteria that participate in shaping immune defences form the basis of the hypothesis
that probiotic bacteria may modulate responses to infections or vaccinations. Interestingly though,
the mechanisms by which probiotics modulate the immune system, particularly in the context of
vaccination, remain to be explicitly clarified.

A recent animal study demonstrated that the probiotic, Lactobacillus gasseri was able to trigger
the diversification of B cell populations in the lamina propria of the murine colon in vivo. In addition,
L. gasseri was also proposed as a vaccine vector for oral immunization against mucosal pathogens [34].
In a further similar study it was demonstrated that Lactobacillus paracasei subsp. paracasei NTU 101
that had been administered daily to mice for three to nine weeks induced a more pronounced effect
between CD4+ T cells and dendritic cells and enhanced the proliferation of CD4+T cells and B cells [35].

Probiotics have been demonstrated to have pleiotropic effects on innate and adaptive immune
responses in vitro and in vivo [36]. Probiotics can mediate immunological effects directly through their
interaction with intestinal immune cells and epithelial cells or indirectly through modulation of the



Vaccines 2017, 5, 50 5 of 17

intestinal microbiome [37,38]. Additionally, the action of probiotics in maintaining health has been
posited to be the result of a combination of multiple site effects, namely on the intestinal microbiome,
the integrity of the epithelial barrier and immune tissue modulation. Interactions between the intestinal
microbiota and the immune system are recognised as vitally important for the development of healthy
immune responses and also the maintenance of immune tolerance. Studies have repeatedly shown
that intestinal barrier dysbiosis can lead to chronic inflammatory conditions such as allergic disease
and inflammatory bowel disease (e.g., Crohn’s disease, ulcerative colitis), most probably as a result of
unbalanced immune activity and regulation [4,39,40].

The most extensively investigated probiotic bacteria in animal models and clinical trials are those
from the Lactobacilli and Bifidobacteria species. The immune-modulatory potential of probiotic bacteria
very much highlights the beneficial effects that some probiotics provide in the prevention of allergic
disease [41]. The intestinal bacteria (whether pathogenic or commensal) interact with the intestinal
mucosal lymphoid system through PRRs that are expressed on specialized intestinal epithelial M
cells and dendritic cells. Antigen presenting cells in return direct host immune responses [41,42].
The signalling events are central to the maintenance of inter-intestinal and extra-intestinal immune
homeostasis, [43] allowing host protection against intestinal pathogens while at the same time
preventing undesirable immune activations through the induction of tolerogenic responses. Relevant
to vaccine development, the role of the human microbiome in inducing beneficial systemic and mucosal
immune responses has become increasingly evident, with probiotics posited to have a potential role as
novel vaccine adjuvants [44] (Figure 2).
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Figure 2. Intestinal microbiome dysbiosis compromises the effectiveness of vaccine antigens secondary
to systemic consequences of a chronic inflammation of the intestinal tract. In chronic intestinal
inflammatory states, Tregs can suppress immune responses against antigens and this may limit the
efficacy of vaccines when vulnerability signals are not sufficient to elicit vaccine-induced immunity
via production of vaccine antigen-specific antibodies. A plausible posit is that probiotics can improve
vaccine responses by encouraging the intestinal microbiome to restore eubiosis that restores intestinal
immunological homeostasis. This figure was constructed and adapted from relevant published
works [18–20,45–48].
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3. Probiotics and Vaccines

3.1. Probiotics and Vaccines in Infants

Studies report that different probiotic strains show adjuvant efficacy for different types of vaccines
(Table 1). Lactobacillus rhamnosus strain GG administered to 2–5-month-old infants immediately
before receiving the oral rotavirus vaccine and for the subsequent 5 days were reported to have
significantly increased rotavirus-specific immunoglobulin M antibody secreting cells 8 days after
vaccination compared to placebo [49]. Furthermore, the study also reported that Lactobacillus
rhamnosus GG administration was associated with a trend for higher rotavirus-specific IgA antibody
titres. In contrast, there was no effect (i.e., viral-specific IgA antibodies) observed in 2–5-year-old
infants that were administered Bifidobacterium breve strain BBG-01 for 4-weeks in response to oral
cholera vaccine [50].

Table 1. Clinical studies investigating the effects of probiotics on vaccine responses in children.

Summary of Probiotic Adjuvant Effects to Vaccines

Probiotic(s) Method Vaccine (Strain) Biological Effect

L. casei GG (LGG)
5 × 1010 CFU b.i.d. at
vaccination and for 1-week
following

Oral rotavirus vaccine

Increase in rotavirus-specific IgM
antibody secreting cells
Significant rotavirus IgA and IgM
seroconversion [49]
Improved immunogenicity

Streptococcus thermophilus
(control) vs. S. thermophilus
and L. casei strain CRL431,
L. acidophilus strain CRL730,
oligofructose and inulin
(test product)

Daily CFU doses:
95 × 108 for 16-week
for control
95 × 108, 95 × 106 and
95 × 106 for respective test
product strains

DTP-Hib/23-valent
anti-pneumococcal
vaccine

No difference between groups in
antibody levels neither before nor
after vaccination [51]
Less hygienic environment reported
Immunogenicity not improved

L. rhamnosus GG
1.8 × 1010 CFU q.d. from
36-week gestation until birth
* maternal administration

DTaP, Hib, PCV7
vaccines

Decreased TT response in infants,
decrease PCV response for some. Nil
change in Hib/Treg [52]
Immunogenicity not improved

L. paracasei ssp.
paracasei strain F19

1 × 108 CFU q.d. for
39-week

DTaP, polio and Hib
vaccines

Probiotic enhanced anti-diptheria
antibody titres in infants breastfed for
less than six months [53]
Early life effect (first 6-months)
Improved immunogenicity

L. acidophilus LAVRIA1 3 × 109 CFU q.d. for
26-week

Parenteral tetanus
vaccine

Lower IL-10 responses to tetanus
antigen in probiotic group [54]
Early life effect (first 6-months)
Improved immunogenicity

B. breve BBG-01 4 × 109 CFU b.i.d. for
17-week

Oral cholera vaccine

Significantly lower responders and
higher serum-LPS specific IgA in
probiotic group and no difference in
the vibriocidal antibodies [50] Similar
immunogenicity responses, possible
effect on intestinal microbiome

L. acidophilus ATCC4356
B. bifidum DSMZ20081
B. longum ATCC157078
B. infantis ATCC15697

3 × 109 CFU q.d. for
20-week

MMRV vaccine

No difference in vaccine specific IgG
antibody titres. Higher proportion
reached protective IgG antibody titres
in 3 month post-vaccination period in
probiotic group [4] Improved
immunogenicity

B. longum BL999
L. rhamnosus LPR

Total CFU q.d. 2.8 × 108 for
26-week

Hep B vaccine at
1-month and
DTPa/HepB vaccine at
6-months

Group treated with probiotics showed
a trend towards increased antiHbsAg
in infants given probiotic for six
months [55]
Early life effect (first 6-months)
Improved immunogenicity
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Table 1. Cont.

Summary of Probiotic Adjuvant Effects to Vaccines

Probiotic(s) Method Vaccine (Strain) Biological Effect

L. rhamnosus GG ATCC53103
L. rhamnosus LG705
B. breve Bbi99
P. freundenreichii ssp.
shermanii JS

5 × 109 CFU
5 × 109 CFU
2 × 108 CFU
2 × 109 CFU
1 capsule b.i.d. to mothers
for last gestation month and
1 capsule q.d. + 0.8 g
galacto-oligosaccharides
newborns for first 24-week

DTwP vaccine/Hib
conjugate

Higher frequency of Hib-specific IgG
antibody response and a trend for
higher Hib-specific IgG GMT [56]
Improved immunogenicity

1 DTP = diphtheria, pertussis and tetanus, Hib = Haemophilus influenza type b, DTaP = diphtheria, pertussis and
tetanus, PCV7 = pneumococcal conjugate vaccine, MMRV = measles, mumps, rubella, varicella, HepB = Hepatitis
B, DTPa = diphtheria, pertussis and tetanus, DTwP = diphtheria, pertussis and tetanus, L. = Lactobacillus; B. =
Bifidobacterium; P. = Propionibacterium; ASCs = Antibody Secreting Cells; Ig = Immunoglobulin; CFU = Colony
Forming Units, TT = tetanus toxoid; q.d. = once a day; b.i.d. = twice per day.

Other studies with infants parenterally administered vaccines (Table 1) have demonstrated
contentious adjuvant efficacy. One study investigated the administration of a combination
of probiotics and a prebiotic (galacto-oligosaccharide) [56] on antibody responses to
diphtheria/tetanus/haemophilus influenza type b vaccination in allergy prone new-born infants.
The pregnant mothers received the formulation (without the prebiotic) in the last month of their
pregnancy and the newborn infants received the full formulation for their first six months. Vaccines
were administered at three, four and five months of age and antibody titers were measured at 6
months. A protective Hib-specific IgG antibody response (>1 µg/mL) occurred more frequently in
the probiotic group over placebo. However, there were no vaccine-specific antibody titers observed
between the groups. In another study, Lactobacillus acidophilus was administered to allergy-prone
infants for the first 6 months of life and the response to the tetanus vaccine was assessed at two, four
and six months of age [54]. The probiotic decreased the IL-10 response to tetanus toxoid antigen at
6-months and reduced IL-5 and transforming growth factor-b release by peripheral blood mononuclear
cells following stimulation with Staphylococcal enterotoxin B when compared to placebo. In a further
study [53], 4-month old infants were provided with a cereal containing Lactobacillus paracasei ssp.
paracasei strain F19 vs. a placebo cereal only group for nine months. The study reported that in infants
immunized with diphtheria/tetanus/toxoid/acellular pertussis/polio/haemophilus influenza type b
at three, 5.5 and 12 months of age, no significant effect on antibody titers were observed. However,
when the groups were adjusted for breastfeeding duration, the results suggested that the probiotic
enhanced anti-diphtheria antibody titers in the infants that had been breastfed for less than 6 months.
Moreover, a similar effect was observed for the tetanus antigen, but there was no such effect observed
for the probiotic group on haemophilus influenza type b vaccination.

In response to hepatitis B vaccination in allergy-prone infants formula-fed supplemented
with Bifidobacterium longum BL999 and Lactobacillus rhamnosus LPR or a control formula
without probiotics in the first 6-months of life in new-borns, there was no reported
significant trend for the probiotic formulation to increase hepatitis B virus surface antibody
responses in the infants that received hepatitis B+ hexavalent diphtheria-tetanus-acellular
pertussis combination vaccine [55]. There was no effect of probiotics in infants receiving
the monovalent hepatitis B vaccine. In a study with a multi-strain probiotic formulation
(Lactobacillus acidophilus ATCC4356/Bifidobacterium bifidum DSMZ20082/Bifidobacterium longum
ATCC157078/Bifidobacterium infantis ATCC15697) [4] administered for 5 months starting at two
months prior to vaccination against mumps/measles/rubella/varicella, there was a trend towards a
greater percentage of infants reaching protective IgG antibody titers three-months post-vaccination in
the probiotic group only, when all antibody results were combined.

From a study within a larger clinical trial, the Lactobacillus rhamnosus GG (LGG) effect on
immune responses to tetanus, Haemophilus influenza type b and pneumococcal conjugate vaccines in
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infants was assessed, in conjunction with the impact of maternal LGG supplementation in preventing
the development of atopic eczema in infants at high-risk for developing allergic disease [52]. The study
reported that maternal LGG supplementation was associated with reduced antibody responses against
tetanus, Haemophilus influenza b, and pneumococcal conjugate compared to placebo treatment but
not total IgG levels. Further, maternal LGG supplementation was also associated with a trend of an
increased number of tetanus toxoid-specific T regulatory cells in the peripheral blood compared to
placebo-treated infants. Overall, the results suggest that maternal LGG supplementation may not be
beneficial in terms of improving vaccine-specific immunity in infants.

A clinical study with infants investigating if probiotics could maintain their immune-stimulating
effects, children were supplemented for at least four months with one of two products, a low-fat milk
fermented by Streptococcus thermophilus (as control) and a low-fat milk fermented by S. thermophilus
containing Lactobacillus casei, Lactobacillus acidophilus, oligofructose and inulin added after the
fermentation process. The study concluded that supplementation with the standard fermented milk
and probiotics was not of benefit. The naturally high rate of early microbial exposure in infants and
children from a population of low socio-economic status that tend to live in a less hygienic environment
may account for the absence of an additional immune-stimulating effect by supplementary probiotics.

Previous studies have suggested that infants raised in developing countries develop higher
antibody titres following immunisations than infants from more developed regions [51]. Termed the
hygiene hypothesis, IgG2 production is favoured following stimulation of Th1 immune responses
as a result of repeated exposure to viral and bacterial infections and repeated antigen production [4].
A preference for the Th2 immune response profile is associated with improved public health and
hygienic environments in developed countries and contributes to antibodies’ reduced ability to
sufficiently respond to infectious or viral disease exposure [16,57,58]. These indications were further
supported by a study completed by Pérez et al., in Argentina, demonstrating probiotic supplementation
showed no effect on antibody responses following the DTP-Hib and 23-valent pneumococcal vaccine
in children living in a region with a lower socio-economic status [51].

Overall there are trends from these studies (Table 1) towards better responses to vaccinations
in infants administered probiotic formulations. However, limitations are evident and as such,
further clinical studies are warranted. The literature is consistent in the non-occurrence of adverse
effects reported in either treatment groups in infant studies, supporting the safety of probiotic
supplementation in healthy infants [59].

3.2. Probiotics and Vaccines in Adults

A number of studies have also investigated the effect of probiotics in adults administered vaccines
orally, parenterally and nasally (Table 2). Fermented milk containing Lactobacillus acidophilus
La1 and Bifidobacterium breve Bb12 was consumed for three weeks and significantly increased the
vaccine-specific serum IgA titers to an attenuated Salmonella typhi Ty21a oral vaccine given on days
7, 9 and 11 of 21 [60]. In a separate study, LGG taken for seven days increased vaccine-specific IgA
antibodies to the Salmonella typhi Ty21a oral vaccine that was administered on days 1, 3 and 5 [61].
However, no effect was reported for Lactococcus lactis or LGG on the numbers of vaccine specific IgA,
IgG and IgM antibody secreting cells 7-days post-vaccination [61].
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Table 2. Clinical studies investigating the effects of probiotics on vaccine responses in adults.

Summary of Probiotic Adjuvant Effects to Vaccines

Probiotic(s) Method Vaccine (Strain) Biological Effect

S. thermophilus, mesophilic
streptococci, bifidobacteria
Bb12, commercial mixed
culture and L. acidophilus La1

1 × 107–108 CFU/g of
both La1 and
Bifidobacteria throughout
study period (3-week)

Salmonella typhi Ty21a

Greater increase in vaccine-specific
serum IgA antibody titre in probiotic
vs. control group [60]
Improved immunogenicity

L. rhamnosus GG
OR
L. lactis
OR
Placebo

4 × 1010 CFU q.d. for
1-week
OR
3.4 × 1010 CFU q.d. for
1-week
OR
Ethyl cellulose for
1-week

Attenuated Salmonella
typhi Ty21a oral vaccine

Greater increase in specific IgA in
LGG group. L. lactis group had
significantly higher expression of CR3
receptor [61]
Improved immunogenicity

L. paracasei (NCC 2461)
1 × 109 CFU + 6 g
fructo-oligosaccharide
daily for 52-week

Parental trivalent
influenza vaccine

NK activity increased and less
infections reported by supplemented
group. Increased innate immunity
and protection against infections in
supplemented elderly [62]
Improved immunogenicity (innate
immunity)

L. rhamnosus GG
OR
L. acidophilus CRL431
OR
Placebo

1010 CFU/serving q.d.
for 5-week OR
100 g/day acidified milk
without probiotics

Live attenuated
poliomyelitis vaccine

Probiotic group reported increased
poliovirus neutralizing antibody titers
and poliovirus-specific serum IgA
and IgG in probiotic group [63]
Improved immunogenicity

L. fermentum CECT5716 1 × 1010 CFU containing
capsule q.d. for 4-week

Inactivated trivalent
influenza vaccine

Probiotic increased vaccine-specific
IgA antibodies post-vaccination.
Incidence of influenza-like illnesses
for 5 months post-vaccination lower
in the probiotic group [64]
Improved immunogenicity

B. lactis (Bi-07 or B1-04)
OR
L. acidophilus (La-14 or
NCFM)
ORL. plantarum Lp-115
OR
L. paracasei Lpc-37
OR
L. salivarius Ls-33

1 × 1010 CFU/capsule
b.i.d. for 3-week

Oral cholera vaccine

Significant changes in serum Ig
concentrations in 6 out of 7 probiotic
strains compared to control [65]
Improved immunogenicity

L. paracasei subsp. paracasei
DN-114 001

1010 CFU/bottle b.i.d.
pilot study: 7-week
confirmatory
study:13-week

Parental trivalent
influenza vaccine

Influenza-specific antibody titres
increased in probiotic group
post-vaccination with significantly
greater seroconversion rate for B
strain in confirmatory study [66]
Improved immunogenicity

L. rhamnosus GG 1 × 1010 CFU + 295 mg
Inulin b.i.d. for 4-week

Live-attentuated nasal
influenza (LAIV)

Protection against H1N1 and B strain
vaccine similar for placebo and
probiotic group. H3N2 strain showed
increased protective titer for LGG
group [67]
Improved immunogenicity

L. casei Shirota 1.3 × 1010 CFU q.d. for
176 days

Trivalent influenza
vaccine

No statistically or clinically significant
of LcS on protection against
respiratory symptoms or
improvement in seroprotection
rates [68]
No improved immunogenicity

B. animalis ssp. lactis BB-12
OR
L. paracasei ssp. paracasei
L. casei 431

1 × 109 CFU q.d. for
6-week

Parental trivalent
influenza vaccine

Significantly greater increase in
vaccine-specific IgG antibody titre
and mean-fold increases for
vaccine-specific secretory IgA
antibody in probiotic group [69]
Improved immunogenicity
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Table 2. Cont.

Summary of Probiotic Adjuvant Effects to Vaccines

Probiotic(s) Method Vaccine (Strain) Biological Effect

Lactobacillus plantarum
CECT7315/7316

Group A: 5 × 109 CFU
q.d. for 12-week
Group B: 5 × 108 CFU
q.d. for 12-week

Trivalent influenza
vaccine

Consumption of probiotics for 3-mo
following vaccination increased
influenza-specific IgA and IgH
antibody levels. Increasing trend in
IgM antibodies also observed [70]
Improved immunogenicity

Heat–killed L. casei 1 × 1012 CFU/daily dose
for 12-week

Trivalent influenza
vaccine

IgG, IgM, IgA did not change
significantly in either group. HI titers
against all 3 antigens significantly
higher in probiotic group than
baseline whereas only HI titers
against A/H3N2 higher in placebo.
Seroconversion rate against influenza
antigens not statistically significant
[71]
No improved immunogenicity

B. longum BB536

5 × 1010 CFU/2 g sachet
b.i.d. for 12-week, with
4-week additional
follow-up

Trivalent influenza
vaccine

Increase in IgA in probiotic group
compared to placebo at wk 16. No
significant effect on HI titers in
probiotic group [72]
Beneficial shift in intestinal
microbiome
Improved immunogenicity

L. casei 431® 109 CFU q.d. 42 days
Trivalent influenza
vaccine

Immune responses of probiotic group
showed no effect but reported
significantly shorter respiratory
symptom durations (no differences
for symptom incidence or severity)
[73]
No improved immunogenicity

L. paracasei MCC1849 109 CFU q.d. for 6-week
Trivalent influenza
vaccine

No significant differences in immune
parameters between the groups. In
oldest of the old subgroup (≥85 y.o)
antibody responses to A/H1N1 and B
antigens improved only in probiotic
group. No significant effects of
non-viable L. paracasei MCC1849
observed [74]
Partial improved immunogenicity

1 L. = Lactobacillus; B. = Bifidobacterium; P. = Propionibacterium; ASCs = Antibody Secreting Cells; Ig = Immunoglobulin;
CFU = Colony Forming Units; HI = Hemagglutination inhibition; y.o = years old; q.d. = once daily; b.i.d. =
twice daily.

Vaccine specific IgA titer to an oral poliovirus vaccine was increased by LGG and L. casei CRL431
during a five-week intervention with a live attenuated poliomyelitis virus vaccine administered on
day 8 [63]. Subjects taking the probiotics had a significantly greater increase in neutralizing antibodies
compared to placebo. In addition, a minor effect was recorded on poliovirus serotype-1-specific IgG
and on serotype-2-and-3-specific IgM antibody titers [63].

Strain specific effects of probiotics in response to an oral cholera vaccine have been investigated by
by Paineau and colleagues [65]. In a study with healthy volunteers allocated to one of seven probiotic
strains (i.e., strains from the Lactobacillus and Bifidobacterium genera) or placebo for 3-weeks, subjects
received the oral cholera vaccine on days 7 and 14. B. lactis Bi-04 and L. acidophilus La-14 significantly
increased vaccine-specific serum IgG antibody levels at 3-weeks. Moreover, there was a similar trend
observed for B. lactis Bi-07 and L. plantarum Lp-115. Probiotics therefore had no significant effects on
vaccine-specific serum IgA or IgM antibodies [65].

A study in an elderly patient population [66] was conducted to investigate probiotic responses
to influenza vaccinations. Eighty-six and 222 elderly volunteers consumed either a fermented dairy
drink (containing the probiotic strain Lactobacillus casei DN-114 001) with yoghurt ferments or a control
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dairy product twice daily for a period of 7-weeks (pilot phasse) or 13-weeks (confirmatory phase),
respectively. Vaccination occurred after four weeks of product consumption. In the pilot phase of the
study, the influenza-specific antibody titers increased after vaccination and were consistently higher in
the probiotic product group compared to the control group under product consumption. Likewise, in
the confirmatory phase, titers against the B strain increased significantly more in the probiotic group
than in the control group at three, six and nine weeks post-vaccination. Significant differences in
sero-conversion between the groups by intended to treat analysis were still found five months after
vaccination. Similar geometric mean titre results were observed for the H3N2 and H1N1 strains, very
much confirming the results of the pilot study.

It is widely accepted that ageing is associated with immune dysregulation and leads to increased
infection rates and reduced vaccination effectiveness. An early study investigated a nutritional
supplement that contained probiotics on the immune response and cytokine production [62]. Elderly
subjects were provided with a nutritional formula (in addition to their regular diet), which contained
31 g protein, 120 IU vitamin E, 3.8 µg vitamin B12, 400 µg folic acid, Lactobacillus paracasei (NCC 2461)
and 6 g of fructo-oligosaccharides. The study reported an increase in NK activity in supplemented
subjects and a decrease for non-supplemented individuals. IL-2 production by PBMC and the
proportion of T cells with NK activity decreased in controls and did not change in supplemented
subjects. Supplemented subjects reported less infective episodes than non-supplemented individuals.

An interventional study with L. casei Shirota with elderly nursing home residents was completed
to reduce susceptibility to respiratory symptoms and improve their immune response to influenza
vaccination [68]. Subjects were randomized to receive the probiotic or the placebo for six months.
At three weeks all subjects were administered influenza vaccination. The results showed that daily
consumption of a fermented milk drink that contains L. casei Shirota had no statistically or clinically
significant effect on protection against respiratory symptoms.

An elderly cohort [74] was randomized to receive L. paracasei MCC1849 cells or a placebo jelly
without probiotic for 6-weeks. Three weeks following the start of supplementation, all subjects received
a trivalent influenza vaccination (A/H1N1, A/H2N3 and B). There were no significant differences
in immune parameters, including antibody responses against the vaccination between the groups.
In the subgroup of the oldest of the old, defined as≥85 years of age, the antibody responses to the
A/H1N1 and B antigens were improved only in the probiotic group. No significant effects of non-viable
L. paracasei MCC1849 were observed in the elderly[74].

A study investigated the ability of a combination B. lactis (BB-12®) and L. paracasei ssp. paracasei
(L. casei 431®) formula to modulate the immune system after vaccinations in healthy subjects [69].
Changes from baseline in vaccine-specific plasma IgG, IgG1 and IgG3 were observed to be significantly
greater in both probiotic groups compared to placebo. Significantly greater mean fold increases for
vaccine-specific secretory IgA in saliva was also observed in both probiotic groups. Similar results
were observed for total antibody concentrations. No differences were found for plasma cytokines or
innate immune parameters. Of interest from this study is that supplementation with BB-12® or L. casei
431® may be an effective means to improve immune function by augmenting systemic and mucosal
immune responses to a challenge [69]. An additional study investigated the effect of the probiotic
strain L. casei 431® on immune responses to influenza vaccination and respiratory symptoms in healthy
adults [73]. The study reported that the daily consumption of L. casei 431® resulted in no observable
effect on the components of the immune response to influenza vaccination, however it did record a
reduction in the duration of upper respiratory symptoms.

4. Discussion

Although studies suggest that the administration of single and multiple species probiotic
formulations to enhance vaccine immunogenicity is contentious, those studies that administered
probiotic formulations containing Bifidobacteria species showed efficacy as adjuvants for vaccines in
both children and adults more so than formulations with single species of Lactobacilli (Tables 1 and 2).
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Bifidobacteria and Lactobacilli encourage the intestinal microbiota to exert a beneficial effect on mucosal
immunity. It is hypothesised that there are probably a combination of both structural components
(e.g., exopolysaccharides, bacteriocins, lipoteichoic acids and surface-associated and extracellular
proteins) [75] and secreted factors (e.g., reactive oxygen species) belonging to these probiotic genera
that enhance immunological responses to vaccinations. Recent studies in several animal models
have significantly improved our understanding of the mechanisms by which the gut environment
and intestinal microbiota affects the response to vaccines [41]. Studies have reported that intestinal
resident macrophages are critical cellular components in the innate immune system response [76].
Consistent with their documented roles in maintaining immune equilibrium, in vitro studies with
macrophages have reported that macrophages can establish an antiviral state reducing viral infections
following contact with various species of Lactobacilli (e.g., Lactobacillus paracasei/rhamnosus) and
Bifidobacteria (e.g., Bifidobacterium longum) [77]. This effect was reported to be probiotic species
specific. In addition, probiotics have also been reported to modulate in vitro activation of T and
natural killer cells. Live Lactobacillus casei Shirota strain that was co-cultured with primary human
peripheral blood mononuclear cells in vitro showed an augmentation activation phenotypes and
cytokine production [78]. Specifically, up-regulated expression of the activation markers CD69 and
CD25 were observed on NK and CD8+ T cells, which are two important immune cell subsets with
antiviral and vaccine-specific immune capacities. In addition, the Shirota strain augmented the
production of IL-1, IL-6 and TNF-α, as well as the killing function of NK cells. Similar findings have
been noted with other strains of both Lactobacilli and Bifidobacteria [78] suggesting that one potential
mechanism of protection during infection is to promote antigen specific recognition and killing of
infected monocytes in vivo, thereby limiting the spread of infection.

The use of probiotics as adjuvants for improving vaccine responses has significant plausible
evidence, yet making firm conclusions regarding their adjuvant roles is still considered contentious.
It is biologically plausible to continue to use probiotics until a vaccine schedule is completed, including
throughout the duration of booster vaccinations. Adopting this approach the administration of
probiotics could facilitate and enhance the longevity of vaccines. As for example, reported studies,
which assessed the incidence and duration of cold and flu-like symptoms following influenza
vaccinations, have reported results of decreased numbers of infectious incidents in those who also
received probiotic supplementations [64,69].

Most of the studies investigating the impact of single- or multi-strain formulations of probiotics
on responses to vaccinations have been conducted in healthy adults, and have only managed to report
moderate improvements in immune responses [79]. A significant gap in the literature remains relevant
to data from studies with unhealthy adults. Studies completed to date in healthy infant populations
and the elderly are limited and therefore research finds it difficult to derive definitive conclusions
and recommendations [79]. Yet, probiotic administration that encourages the intestinal microbiome to
improve vaccine/immunotherapy efficacy remains a very plausible postulate.

The scientific evidence suggests that probiotics have the therapeutic potential to shorten the
length of common respiratory conditions. A recent meta-analysis reported that, at least in adults
administered vaccinations to protect against influenza viruses, the administration of probiotics and
prebiotics was efficacious [80]. The effect is perhaps attributed to a fine–tuning of the mucosal barrier
and metabolic system.

Data relating to the specific responses of specific vaccinations remains sparse, however, compelling
data exists, which details how the intestinal bacteria influences the host immune responses, directly
and indirectly, when exposed to viral and infectious diseases [79]. The current requisite therefore
stands as further well designed, randomized, placebo-controlled studies to be conducted in order to
clearly and fully understand the immune-modulatory properties of probiotics, whether the effects
exerted are formulations or age-dependent and what their clinical relevance is in enhancing protection
following vaccinations.
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5. Conclusions

Studies that investigate the relationship between the intestinal microbiome and the development
and function of the immune system continue to demonstrate novel concepts that increase knowledge
based concepts for disease treatment. Cancer immunotherapy is such an example where for more than
a decade in the field of oncology, the objective to harness the patient’s immune system to kill tumours
has remained a key goal [81,82]. Recent research strongly suggests and shows that the intestinal.

immunotherapies [88] as well as an adjuvant for vaccines in early and late life. bacterial cohort can
significantly facilitate the efficacy of checkpoint inhibitor immunotherapies in cancer treatments [83–86].
As a consequence of this research activity, the administration of probiotics (e.g., Bifidobacterium breve) as
an adjuvant therapy for the modulation of chemotherapy efficacy and toxicity has been reported [87].

Equally the administration of vaccines from recent findings suggest complex mechanisms are
in operation by which the microbiome impacts immune cell development and differentiation with
the major implication being that the composition of the microbiome may ultimately affect vaccine
efficacy. An intestinal resident immunity equilibrium is present that links the intestinal bacteria, the
intestinal epithelia and the host’s immune response that leads to homeostasis maintenance. Resultant
perturbations in this equilibrium with changes in the composition of the intestinal microbiome can
result in chronic inflammatory processes (e.g., IBD) and autoimmune pathologies (e.g., allergy/asthma,
diabetes). There is hence a logical step established for the inclusion and administration of probiotic
formulations in the treatment of cancers with

Acknowledgments: This research did not receive any specific grant from funding agencies in the public,
commercial or not-for-profit sectors.

Author Contributions: L.V. conceived and designed the manuscript theme; E.S. and M.T. contributed to the
manuscript and helped prepare for publication; M.T. created the figures; T.N. performed the literature search and
compiled the tables; S.H. reviewed manuscript.

Conflicts of Interest: L.V. has received National Institute of Complementary Medicine and National Health and
Medical Research Council of Australia competitive funding and Industry support for research into probiotics.
L.V., E.S. and S.H. participate in research on probiotics in Medlab Clinical’s research laboratory facility.

References

1. Plotkin, S. History of vaccination. Proc. Natl. Acad. Sci. USA 2014, 111, 12283–12287. [CrossRef] [PubMed]
2. Arbeter, A.M.; Starr, S.E.; Plotkin, S.A. Varicella vaccine studies in healthy children and adults. Pediatrics

1986, 78, 748–756. [PubMed]
3. Kuter, B.J.; Weibel, R.E.; Guess, H.A.; Matthews, H.; Morton, D.H.; Neff, B.J.; Provost, P.J.; Watson, B.A.;

Starr, S.E.; Plotkin, S.A. Oka/Merck varicella vaccine in healthy children: Final report of a 2-year efficacy
study and 7-year follow-up studies. Vaccine 1991, 9, 643–647. [CrossRef]

4. Youngster, I.; Kozer, E.; Lazarovitch, Z.; Broide, E.; Goldman, M. Probiotics and the immunological response
to infant vaccinations: A prospective, placebo controlled pilot study. Arch. Dis. Child. 2011, 96, 345–349.
[CrossRef] [PubMed]

5. Cooper, N.R.; Nemerow, G.R. The role of antibody and complement in the control of viral infections.
J. Investig. Dermatol. 1984, 83, 121s–127s. [CrossRef] [PubMed]

6. Bacchetta, R.; Gregori, S.; Roncarolo, M.G. Cd4+ regulatory T cells: Mechanisms of induction and effector
function. Autoimmun. Rev. 2005, 4, 491–496. [CrossRef] [PubMed]

7. Igietseme, J.U.; Eko, F.O.; He, Q.; Black, C.M. Antibody regulation of tcell immunity: Implications for vaccine
strategies against intracellular pathogens. Expert Rev. Vaccines 2004, 3, 23–34. [CrossRef] [PubMed]

8. Sender, R.; Fuchs, S.; Milo, R. Revised estimates for the number of human and bacteria cells in the body.
PLoS Biol. 2016, 14, e1002533. [CrossRef] [PubMed]

9. The Human Microbiome Project Consortium. Structure, function and diversity of the healthy human
microbiome. Nature 2012, 486, 207–214.

10. Okumura, R.; Takeda, K. Roles of intestinal epithelial cells in the maintenance of gut homeostasis.
Exp. Mol. Med. 2017, 49, e338. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1400472111
http://www.ncbi.nlm.nih.gov/pubmed/25136134
http://www.ncbi.nlm.nih.gov/pubmed/3020494
http://dx.doi.org/10.1016/0264-410X(91)90189-D
http://dx.doi.org/10.1136/adc.2010.197459
http://www.ncbi.nlm.nih.gov/pubmed/21266337
http://dx.doi.org/10.1038/jid.1984.33
http://www.ncbi.nlm.nih.gov/pubmed/6376646
http://dx.doi.org/10.1016/j.autrev.2005.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16214084
http://dx.doi.org/10.1586/14760584.3.1.23
http://www.ncbi.nlm.nih.gov/pubmed/14761241
http://dx.doi.org/10.1371/journal.pbio.1002533
http://www.ncbi.nlm.nih.gov/pubmed/27541692
http://dx.doi.org/10.1038/emm.2017.20
http://www.ncbi.nlm.nih.gov/pubmed/28546564


Vaccines 2017, 5, 50 14 of 17

11. Linares, D.M.; Ross, P.; Stanton, C. Beneficial microbes: The pharmacy in the gut. Bioengineered 2016, 7, 11–20.
[CrossRef] [PubMed]

12. Vitetta, L.; Hall, S.; Linnane, A.W. Live probiotic cultures and the gastrointestinal tract: Symbiotic
preservation of tolerance whilst attenuating pathogenicity. Front. Cell. Infect. Microbiol. 2014, 4, 143.
[CrossRef] [PubMed]

13. Vitetta, L.; Palacios, T.; Hall, S.; Coulson, S. Gastrointestinal tract commensal bacteria and probiotics:
Influence on end-organ physiology. Prog. Drug Res. 2015, 70, 1–33. [PubMed]

14. Ozen, M.; Dinleyici, E.C. The history of probiotics: The untold story. Benef. Microbes 2015, 6, 159–165.
[CrossRef] [PubMed]

15. Pereira, B.I.; Akbar, A.N. Convergence of innate and adaptive immunity during human aging. Front. Immunol.
2016, 7, 445. [CrossRef] [PubMed]

16. Klein, A.; Friedrich, U.; Vogelsang, H.; Jahreis, G. Lactobacillus acidophilus 74–2 and bifidobacterium
animalis subsp lactis DGCC 420 modulate unspecific cellular immune response in healthy adults. Eur. J.
Clin. Nutr. 2008, 62, 584–593. [CrossRef] [PubMed]

17. Gill, H.S.; Rutherfurd, K.J.; Prasad, J.; Gopal, P.K. Enhancement of natural and acquired immunity by
lactobacillus rhamnosus (HN001), lactobacillus acidophilus (HN017) and bifidobacterium lactis (hn019).
Br. J. Nutr. 2000, 83, 167–176. [CrossRef] [PubMed]

18. Siegrist, C.-A. 2-Vaccine Immunology A2—Plotkin, Stanley A. In Vaccines, 6th ed.; Orenstein, W.A., Offit, P.A.,
Eds.; W.B. Saunders: London, UK, 2013; pp. 14–32.

19. Peterson, L.W.; Artis, D. Intestinal epithelial cells: Regulators of barrier function and immune homeostasis.
Nat. Rev. Immunol. 2014, 14, 141–153. [CrossRef] [PubMed]

20. Robinson, K.; Deng, Z.; Hou, Y.; Zhang, G. Regulation of the intestinal barrier function by host defense
peptides. Front. Vet. Sci. 2015, 2, 57. [CrossRef] [PubMed]

21. World Health Organization. WHO Best Practices for Injections and Related Procedures Toolkit; WHO: Geneva,
Switzerland, 2010.

22. Administraiton of Vaccines in Australia. 2016. Available online: http://www.immunise.health.gov.au/
internet/immunise/publishing.nsf/Content/Handbook10-home~handbook10part2~handbook10-2-2
(accessed on 1 January 2017).

23. Mohr, E.; Siegrist, C.A. Vaccination in early life: Standing up to the challenges. Curr. Opin. Immunol. 2016,
41, 1–8. [CrossRef] [PubMed]

24. Siegrist, C.A. Neonatal and early life vaccinology. Vaccine 2001, 19, 3331–3346. [CrossRef]
25. Einhorn, M.S.; Weinberg, G.A.; Anderson, E.L.; Granoff, P.D.; Granoff, D.M. Immunogenicity in infants

of haemophilus influenzae type B polysaccharide in a conjugate vaccine with neisseria meningitidis
outer-membrane protein. Lancet 1986, 2, 299–302. [CrossRef]

26. Murasko, D.M.; Bernstein, E.D.; Gardner, E.M.; Gross, P.; Munk, G.; Dran, S.; Abrutyn, E. Role of humoral
and cell-mediated immunity in protection from influenza disease after immunization of healthy elderly.
Exp. Gerontol. 2002, 37, 427–439. [CrossRef]

27. Hainz, U.; Jenewein, B.; Asch, E.; Pfeiffer, K.P.; Berger, P.; Grubeck-Loebenstein, B. Insufficient protection for
healthy elderly adults by tetanus and TBE vaccines. Vaccine 2005, 23, 3232–3235. [CrossRef] [PubMed]

28. Artz, A.S.; Ershler, W.B.; Longo, D.L. Pneumococcal vaccination and revaccination of older adults.
Clin. Microbiol. Rev. 2003, 16, 308–318. [CrossRef] [PubMed]

29. Bogaert, D.; De Groot, R.; Hermans, P.W. Streptococcus pneumoniae colonisation: The key to pneumococcal
disease. Lancet Infect. Dis. 2004, 4, 144–154. [CrossRef]

30. Bubnov, R.V.; Spivak, M.Y.; Lazarenko, L.M.; Bomba, A.; Boyko, N.V. Probiotics and immunity: Provisional
role for personalized diets and disease prevention. EPMA J. 2015, 6, 14. [CrossRef] [PubMed]

31. Thomas, C.M.; Versalovic, J. Probiotics-host communication: Modulation of signaling pathways in the
intestine. Gut Microbes 2010, 1, 148–163. [CrossRef] [PubMed]

32. Pang, I.K.; Iwasaki, A. Control of antiviral immunity by pattern recognition and the microbiome.
Immunol. Rev. 2012, 245, 209–226. [CrossRef] [PubMed]

33. GeurtsvanKessel, C.H.; Willart, M.A.; van Rijt, L.S.; Muskens, F.; Kool, M.; Baas, C.; Thielemans, K.;
Bennett, C.; Clausen, B.E.; Hoogsteden, H.C.; et al. Clearance of influenza virus from the lung depends
on migratory langerin+CD11b- but not plasmacytoid dendritic cells. J. Exp. Med. 2008, 205, 1621–1634.
[CrossRef] [PubMed]

http://dx.doi.org/10.1080/21655979.2015.1126015
http://www.ncbi.nlm.nih.gov/pubmed/26709457
http://dx.doi.org/10.3389/fcimb.2014.00143
http://www.ncbi.nlm.nih.gov/pubmed/25360420
http://www.ncbi.nlm.nih.gov/pubmed/26462363
http://dx.doi.org/10.3920/BM2014.0103
http://www.ncbi.nlm.nih.gov/pubmed/25576593
http://dx.doi.org/10.3389/fimmu.2016.00445
http://www.ncbi.nlm.nih.gov/pubmed/27867379
http://dx.doi.org/10.1038/sj.ejcn.1602761
http://www.ncbi.nlm.nih.gov/pubmed/17440520
http://dx.doi.org/10.1017/S0007114500000210
http://www.ncbi.nlm.nih.gov/pubmed/10743496
http://dx.doi.org/10.1038/nri3608
http://www.ncbi.nlm.nih.gov/pubmed/24566914
http://dx.doi.org/10.3389/fvets.2015.00057
http://www.ncbi.nlm.nih.gov/pubmed/26664984
http://www.immunise.health.gov.au/internet/immunise/publishing.nsf/Content/Handbook10-home~handbook10part2~handbook10-2-2
http://www.immunise.health.gov.au/internet/immunise/publishing.nsf/Content/Handbook10-home~handbook10part2~handbook10-2-2
http://dx.doi.org/10.1016/j.coi.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27104290
http://dx.doi.org/10.1016/S0264-410X(01)00028-7
http://dx.doi.org/10.1016/S0140-6736(86)90001-2
http://dx.doi.org/10.1016/S0531-5565(01)00210-8
http://dx.doi.org/10.1016/j.vaccine.2005.01.085
http://www.ncbi.nlm.nih.gov/pubmed/15837226
http://dx.doi.org/10.1128/CMR.16.2.308-318.2003
http://www.ncbi.nlm.nih.gov/pubmed/12692100
http://dx.doi.org/10.1016/S1473-3099(04)00938-7
http://dx.doi.org/10.1186/s13167-015-0036-0
http://www.ncbi.nlm.nih.gov/pubmed/26221192
http://dx.doi.org/10.4161/gmic.1.3.11712
http://www.ncbi.nlm.nih.gov/pubmed/20672012
http://dx.doi.org/10.1111/j.1600-065X.2011.01073.x
http://www.ncbi.nlm.nih.gov/pubmed/22168422
http://dx.doi.org/10.1084/jem.20071365
http://www.ncbi.nlm.nih.gov/pubmed/18591406


Vaccines 2017, 5, 50 15 of 17

34. Stoeker, L.; Nordone, S.; Gunderson, S.; Zhang, L.; Kajikawa, A.; LaVoy, A.; Miller, M.; Klaenhammer, T.R.;
Dean, G.A. Assessment of lactobacillus gasseri as a candidate oral vaccine vector. Clin. Vaccine Immunol.
2011, 18, 1834–1844. [CrossRef] [PubMed]

35. Tsai, Y.T.; Cheng, P.C.; Liao, J.W.; Pan, T.M. Effect of the administration of lactobacillus paracasei subsp.
Paracasei NTU 101 on peyer‘s patch-mediated mucosal immunity. Int. Immunopharmacol. 2010, 10, 791–798.
[CrossRef] [PubMed]

36. Rosenberg, H.F.; Masterson, J.C.; Furuta, G.T. Eosinophils, probiotics, and the microbiome. J. Leukoc. Biol.
2016, 100, 881–888. [CrossRef] [PubMed]

37. Hajela, N.; Nair, G.B.; Ganguly, N.K. Are probiotics a feasible intervention for prevention of diarrhoea in the
developing world? Gut Pathog. 2010, 2, 10. [CrossRef] [PubMed]

38. Oelschlaeger, T.A. Mechanisms of probiotic actions—A review. Int. J. Med. Microbiol. 2010, 300, 57–62.
[CrossRef] [PubMed]

39. Johansson, M.A.; Sjogren, Y.M.; Persson, J.O.; Nilsson, C.; Sverremark-Ekstrom, E. Early colonization with a
group of lactobacilli decreases the risk for allergy at five years of age despite allergic heredity. PLoS ONE
2011, 6, e23031. [CrossRef] [PubMed]

40. Westerholm-Ormio, M.; Vaarala, O.; Tiittanen, M.; Savilahti, E. Infiltration of Foxp3- and Toll-like
receptor-4-positive cells in the intestines of children with food allergy. J. Pediatr. Gastroenterol. Nutr.
2010, 50, 367–376. [CrossRef] [PubMed]

41. Tang, M.L.; Lahtinen, S.J.; Boyle, R.J. Probiotics and prebiotics: Clinical effects in allergic disease. Curr. Opin.
Pediatr. 2010, 22, 626–634. [CrossRef] [PubMed]

42. Amdekar, S.; Dwivedi, D.; Roy, P.; Kushwah, S.; Singh, V. Probiotics: Multifarious oral vaccine against
infectious traumas. FEMS Immunol. Med. Microbiol. 2010, 58, 299–306. [CrossRef] [PubMed]

43. Vitetta, L.; Hall, S.; Coulson, S. Metabolic Interactions in the Gastrointestinal Tract (GIT): Host, commensal,
probiotics, and bacteriophage influences. Microorganisms 2015, 3, 913–932. [CrossRef] [PubMed]

44. Ferreira, R.B.; Antunes, L.C.; Finlay, B.B. Should the human microbiome be considered when developing
vaccines? PLoS Pathog. 2010, 6, e1001190. [CrossRef] [PubMed]

45. Valdez, Y.; Brown, E.M.; Finlay, B.B. Influence of the microbiota on vaccine effectiveness. Trends Immunol.
2014, 35, 526–537. [CrossRef] [PubMed]

46. Brezar, V.; Godot, V.; Cheng, L.; Su, L.; Levy, Y.; Seddiki, N. T-regulatory cells and vaccination “pay attention
and do not neglect them”: Lessons from HIV and cancer vaccine trials. Vaccines 2016, 4, E30. [CrossRef]
[PubMed]

47. Levine, M.M. Immunogenicity and efficacy of oral vaccines in developing countries: Lessons from a live
cholera vaccine. BMC Biol. 2010, 8, 129. [CrossRef] [PubMed]

48. Korpe, P.S.; Petri, W.A., Jr. Environmental enteropathy: Critical implications of a poorly understood condition.
Trends Mol. Med. 2012, 18, 328–336. [CrossRef] [PubMed]

49. Isolauri, E.; Joensuu, J.; Suomalainen, H.; Luomala, M.; Vesikari, T. Improved immunogenicity of oral D x
RRV reassortant rotavirus vaccine by lactobacillus casei GG. Vaccine 1995, 13, 310–312. [CrossRef]

50. Matsuda, F.; Chowdairy, M.I.; Saha, A.; Asahara, T.; Nomoto, K.; Tarique, A.A.; Ahmed, T.; Nishibuchi, M.;
Cravioto, A.; Qadri, F. Evaluation of a probiotics, bifidobacterium breve BBG-01, for enhancement
of immunogenicity of an oral inactivated cholera vaccine and safety: A randomized, double-blind,
placebo-controlled trial in bangladeshi children under 5 years of age. Vaccine 2011, 29, 1855–1858. [CrossRef]
[PubMed]

51. Pérez, N.; Iannicelli, J.C.; Girard-Bosch, C.; González, S.; Varea, A.; Disalvo, L.; Apezteguia, M.; Pernas, J.;
Vicentin, D.; Cravero, R. Effect of probiotic supplementation on immunoglobulins, isoagglutinins and
antibody response in children of low socio-economic status. Eur. J. Nutr. 2010, 49, 173–179. [CrossRef]
[PubMed]

52. Licciardi, P.V.; Ismail, I.H.; Balloch, A.; Mui, M.; Hoe, E.; Lamb, K.; Tang, M.L. Maternal supplementation
with lgg reduces vaccine-specific immune responses in infants at high-risk of developing allergic disease.
Front. Immunol. 2013, 4, 381. [CrossRef] [PubMed]

53. West, C.E.; Gothefors, L.; Granström, M.; Käyhty, H.; Hammarström, M.L.; Hernell, O. Effects of feeding
probiotics during weaning on infections and antibody responses to diphtheria, tetanus and Hib vaccines.
Pediatr. Allergy Immunol. 2008, 19, 53–60. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/CVI.05277-11
http://www.ncbi.nlm.nih.gov/pubmed/21900526
http://dx.doi.org/10.1016/j.intimp.2010.04.012
http://www.ncbi.nlm.nih.gov/pubmed/20417727
http://dx.doi.org/10.1189/jlb.3RI0416-202R
http://www.ncbi.nlm.nih.gov/pubmed/27549754
http://dx.doi.org/10.1186/1757-4749-2-10
http://www.ncbi.nlm.nih.gov/pubmed/20799986
http://dx.doi.org/10.1016/j.ijmm.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19783474
http://dx.doi.org/10.1371/journal.pone.0023031
http://www.ncbi.nlm.nih.gov/pubmed/21829685
http://dx.doi.org/10.1097/MPG.0b013e3181cd2636
http://www.ncbi.nlm.nih.gov/pubmed/20216098
http://dx.doi.org/10.1097/MOP.0b013e32833d9728
http://www.ncbi.nlm.nih.gov/pubmed/20733491
http://dx.doi.org/10.1111/j.1574-695X.2009.00630.x
http://www.ncbi.nlm.nih.gov/pubmed/20100178
http://dx.doi.org/10.3390/microorganisms3040913
http://www.ncbi.nlm.nih.gov/pubmed/27682125
http://dx.doi.org/10.1371/journal.ppat.1001190
http://www.ncbi.nlm.nih.gov/pubmed/21124987
http://dx.doi.org/10.1016/j.it.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25113637
http://dx.doi.org/10.3390/vaccines4030030
http://www.ncbi.nlm.nih.gov/pubmed/27608046
http://dx.doi.org/10.1186/1741-7007-8-129
http://www.ncbi.nlm.nih.gov/pubmed/20920375
http://dx.doi.org/10.1016/j.molmed.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22633998
http://dx.doi.org/10.1016/0264-410X(95)93319-5
http://dx.doi.org/10.1016/j.vaccine.2010.12.133
http://www.ncbi.nlm.nih.gov/pubmed/21236234
http://dx.doi.org/10.1007/s00394-009-0063-5
http://www.ncbi.nlm.nih.gov/pubmed/19838618
http://dx.doi.org/10.3389/fimmu.2013.00381
http://www.ncbi.nlm.nih.gov/pubmed/24324465
http://dx.doi.org/10.1111/j.1399-3038.2007.00583.x
http://www.ncbi.nlm.nih.gov/pubmed/18086218


Vaccines 2017, 5, 50 16 of 17

54. Taylor, A.; Hale, J.; Wiltschut, J.; Lehmann, H.; Dunstan, J.A.; Prescott, S.L. Evaluation of the effects of
probiotic supplementation from the neonatal period on innate immune development in infancy. Clin. Exp.
Allergy 2006, 36, 1218–1226. [CrossRef] [PubMed]

55. Soh, S.E.; Ong, D.Q.; Gerez, I.; Zhang, X.; Chollate, P.; Shek, L.P.; Lee, B.W.; Aw, M. Effect of probiotic
supplementation in the first 6 months of life on specific antibody responses to infant hepatitis B vaccination.
Vaccine 2010, 28, 2577–2579. [CrossRef] [PubMed]

56. Kukkonen, K.; Nieminen, T.; Poussa, T.; Savilahti, E.; Kuitunen, M. Effect of probiotics on vaccine antibody
responses in infancy—A randomized placebo-controlled double-blind trial. Pediatr. Allergy Immunol. 2006,
17, 416–421. [CrossRef] [PubMed]

57. Mohamadzadeh, M.; Olson, S.; Kalina, W.V.; Ruthel, G.; Demmin, G.L.; Warfield, K.L.; Bavari, S.;
Klaenhammer, T.R. Lactobacilli activate human dendritic cells that skew T cells toward T helper 1 polarization.
Proc. Natl. Acad. Sci. USA 2005, 102, 2880–2885. [CrossRef] [PubMed]

58. Mastrangeli, G.; Corinti, S.; Butteroni, C.; Afferni, C.; Bonura, A.; Boirivant, M.; Colombo, P.; Di Felice, G.
Effects of live and inactivated VSL#3 probiotic preparations in the modulation of in vitro and in vivo
allergen-induced Th2 responses. Int. Arch. Allergy Immunol. 2009, 150, 133–143. [PubMed]

59. Gibson, R.A.; Barclay, D.; Marshall, H.; Moulin, J.; Maire, J.C.; Makrides, M. Safety of supplementing
infant formula with long-chain polyunsaturated fatty acids and bifidobacterium lactis in term infants:
A randomised controlled trial. Br. J. Nutr. 2009, 101, 1706–1713. [CrossRef] [PubMed]

60. Link-Amster, H.; Rochat, F.; Saudan, K.Y.; Mignot, O.; Aeschlimann, J.M. Modulation of a specific humoral
immune response and changes in intestinal flora mediated through fermented milk intake. FEMS Immunol.
Med. Microbiol. 1994, 10, 55–63. [CrossRef] [PubMed]

61. Fang, H.; Elina, T.; Heikki, A.; Seppo, S. Modulation of humoral immune response through probiotic intake.
FEMS Immunol. Med. Microbiol. 2000, 29, 47–52. [CrossRef] [PubMed]

62. Bunout, D.; Barrera, G.; Hirsch, S.; Gattas, V.; de la Maza, M.P.; Haschke, F.; Steenhout, P.; Klassen, P.;
Hager, C.; Avendano, M.; et al. Effects of a nutritional supplement on the immune response and cytokine
production in free-living chilean elderly. J. Parenter. Enter. Nutr. 2004, 28, 348–354. [CrossRef] [PubMed]

63. De Vrese, M.; Rautenberg, P.; Laue, C.; Koopmans, M.; Herremans, T.; Schrezenmeir, J. Probiotic bacteria
stimulate virus-specific neutralizing antibodies following a booster polio vaccination. Eur. J. Nutr. 2005, 44,
406–413. [CrossRef] [PubMed]

64. Olivares, M.; Diaz-Ropero, M.P.; Sierra, S.; Lara-Villoslada, F.; Fonolla, J.; Navas, M.; Rodriguez, J.M.; Xaus, J.
Oral intake of lactobacillus fermentum CECT5716 enhances the effects of influenza vaccination. Nutrition
2007, 23, 254–260. [CrossRef] [PubMed]

65. Paineau, D.; Carcano, D.; Leyer, G.; Darquy, S.; Alyanakian, M.A.; Simoneau, G.; Bergmann, J.F.; Brassart, D.;
Bornet, F.; Ouwehand, A.C. Effects of seven potential probiotic strains on specific immune responses in
healthy adults: A double-blind, randomized, controlled trial. FEMS Immunol. Med. Microbiol. 2008, 53,
107–113. [CrossRef] [PubMed]

66. Boge, T.; Remigy, M.; Vaudaine, S.; Tanguy, J.; Bourdet-Sicard, R.; van der Werf, S. A probiotic fermented
dairy drink improves antibody response to influenza vaccination in the elderly in two randomised controlled
trials. Vaccine 2009, 27, 5677–5684. [CrossRef] [PubMed]

67. Davidson, L.E.; Fiorino, A.M.; Snydman, D.R.; Hibberd, P.L. Lactobacillus GG as an immune adjuvant for
live-attenuated influenza vaccine in healthy adults: A randomized double-blind placebo-controlled trial.
Eur. J. Clin. Nutr. 2011, 65, 501–507. [CrossRef] [PubMed]

68. Van Puyenbroeck, K.; Hens, N.; Coenen, S.; Michiels, B.; Beunckens, C.; Molenberghs, G.; Van Royen, P.;
Verhoeven, V. Efficacy of daily intake of lactobacillus casei shirota on respiratory symptoms and influenza
vaccination immune response: A randomized, double-blind, placebo-controlled trial in healthy elderly
nursing home residents. Am. J. Clin. Nutr. 2012, 95, 1165–1171. [CrossRef] [PubMed]

69. Rizzardini, G.; Eskesen, D.; Calder, P.C.; Capetti, A.; Jespersen, L.; Clerici, M. Evaluation of the immune
benefits of two probiotic strains bifidobacterium animalis ssp. Lactis, BB-12(R) and lactobacillus paracasei ssp.
Paracasei, l. Casei 431(R) in an influenza vaccination model: A randomised, double-blind, placebo-controlled
study. Br. J. Nutr. 2012, 107, 876–884. [CrossRef] [PubMed]

70. Bosch, M.; Mendez, M.; Perez, M.; Farran, A.; Fuentes, M.C.; Cune, J. Lactobacillus plantarum CECT7315
and CECT7316 stimulate immunoglobulin production after influenza vaccination in elderly. Nutr. Hosp.
2012, 27, 504–509. [PubMed]

http://dx.doi.org/10.1111/j.1365-2222.2006.02552.x
http://www.ncbi.nlm.nih.gov/pubmed/17014428
http://dx.doi.org/10.1016/j.vaccine.2010.01.020
http://www.ncbi.nlm.nih.gov/pubmed/20105426
http://dx.doi.org/10.1111/j.1399-3038.2006.00420.x
http://www.ncbi.nlm.nih.gov/pubmed/16925686
http://dx.doi.org/10.1073/pnas.0500098102
http://www.ncbi.nlm.nih.gov/pubmed/15710900
http://www.ncbi.nlm.nih.gov/pubmed/19439979
http://dx.doi.org/10.1017/S0007114508084080
http://www.ncbi.nlm.nih.gov/pubmed/19134240
http://dx.doi.org/10.1111/j.1574-695X.1994.tb00011.x
http://www.ncbi.nlm.nih.gov/pubmed/7874079
http://dx.doi.org/10.1111/j.1574-695X.2000.tb01504.x
http://www.ncbi.nlm.nih.gov/pubmed/10967260
http://dx.doi.org/10.1177/0148607104028005348
http://www.ncbi.nlm.nih.gov/pubmed/15449576
http://dx.doi.org/10.1007/s00394-004-0541-8
http://www.ncbi.nlm.nih.gov/pubmed/15578195
http://dx.doi.org/10.1016/j.nut.2007.01.004
http://www.ncbi.nlm.nih.gov/pubmed/17352961
http://dx.doi.org/10.1111/j.1574-695X.2008.00413.x
http://www.ncbi.nlm.nih.gov/pubmed/18422632
http://dx.doi.org/10.1016/j.vaccine.2009.06.094
http://www.ncbi.nlm.nih.gov/pubmed/19615959
http://dx.doi.org/10.1038/ejcn.2010.289
http://www.ncbi.nlm.nih.gov/pubmed/21285968
http://dx.doi.org/10.3945/ajcn.111.026831
http://www.ncbi.nlm.nih.gov/pubmed/22440853
http://dx.doi.org/10.1017/S000711451100420X
http://www.ncbi.nlm.nih.gov/pubmed/21899798
http://www.ncbi.nlm.nih.gov/pubmed/22732975


Vaccines 2017, 5, 50 17 of 17

71. Akatsu, H.; Arakawa, K.; Yamamoto, T.; Kanematsu, T.; Matsukawa, N.; Ohara, H.; Maruyama, M.
Lactobacillus in jelly enhances the effect of influenza vaccination in elderly individuals. J. Am. Geriatr.
Soc. 2013, 61, 1828–1830. [CrossRef] [PubMed]

72. Akatsu, H.; Iwabuchi, N.; Xiao, J.-Z.; Matsuyama, Z.; Kurihara, R.; Okuda, K.; Yamamoto, T.; Maruyama, M.
Clinical effects of probiotic bifidobacterium longum BB536 on immune function and intestinal microbiota
in elderly patients receiving enteral tube feeding. J. Parenter. Enter. Nutr. 2013, 37, 631–640. [CrossRef]
[PubMed]

73. Jespersen, L.; Tarnow, I.; Eskesen, D.; Morberg, C.M.; Michelsen, B.; Bugel, S.; Dragsted, L.O.; Rijkers, G.T.;
Calder, P.C. Effect of lactobacillus paracasei subsp. Paracasei, l. Casei 431 on immune response to influenza
vaccination and upper respiratory tract infections in healthy adult volunteers: A randomized, double-blind,
placebo-controlled, parallel-group study. Am. J. Clin. Nutr. 2015, 101, 1188–1196. [CrossRef] [PubMed]

74. Maruyama, M.; Abe, R.; Shimono, T.; Iwabuchi, N.; Abe, F.; Xiao, J.Z. The effects of non-viable lactobacillus
on immune function in the elderly: A randomised, double-blind, placebo-controlled study. Int. J. Food Sci.
Nutr. 2016, 67, 67–73. [CrossRef] [PubMed]

75. Sanchez, B.; Urdaci, M.C.; Margolles, A. Extracellular proteins secreted by probiotic bacteria as mediators of
effects that promote mucosa-bacteria interactions. Microbiology 2010, 156, 3232–3242. [CrossRef] [PubMed]

76. Vitetta, L. Lactobacillus acidophilus restores functionality in uremic macrophages: Plausible or lacking
evidence? Dig. Dis. Sci. 2016, 61, 1417–1419. [CrossRef] [PubMed]

77. Ivec, M.; Botic, T.; Koren, S.; Jakobsen, M.; Weingartl, H.; Cencic, A. Interactions of macrophages with
probiotic bacteria lead to increased antiviral response against vesicular stomatitis virus. Antivir. Res. 2007,
75, 266–274. [CrossRef] [PubMed]

78. Dong, H.; Rowland, I.; Tuohy, K.M.; Thomas, L.V.; Yaqoob, P. Selective effects of lactobacillus casei shirota on
t cell activation, natural killer cell activity and cytokine production. Clin. Exp. Immunol. 2010, 161, 378–388.
[CrossRef] [PubMed]

79. Maidens, C.; Childs, C.; Przemska, A.; Dayel, I.B.; Yaqoob, P. Modulation of vaccine response by concomitant
probiotic administration. Br. J. Clin. Pharmacol. 2013, 75, 663–670. [CrossRef] [PubMed]

80. Lei, W.T.; Shih, P.C.; Liu, S.J.; Lin, C.Y.; Yeh, T.L. Effect of probiotics and prebiotics on immune response
to influenza vaccination in adults: A systematic review and meta-analysis of randomized controlled trials.
Nutrients 2017, 9. [CrossRef] [PubMed]

81. Wang, R.F.; Miyahara, Y.; Wang, H.Y. Toll-like receptors and immune regulation: Implications for cancer
therapy. Oncogene 2008, 27, 181–189. [CrossRef] [PubMed]

82. Wang, R.F.; Peng, G.; Wang, H.Y. Regulatory t cells and toll-like receptors in tumor immunity. Semin. Immunol.
2006, 18, 136–142. [CrossRef] [PubMed]

83. Pitt, J.M.; Vetizou, M.; Waldschmitt, N.; Kroemer, G.; Chamaillard, M.; Boneca, I.G.; Zitvogel, L. Fine-tuning
cancer immunotherapy: Optimizing the gut microbiome. Cancer Res. 2016, 76, 4602–4607. [CrossRef]
[PubMed]

84. Roy, S.; Trinchieri, G. Microbiota: A key orchestrator of cancer therapy. Nat. Rev. Cancer 2017, 17, 271–285.
[CrossRef] [PubMed]

85. Routy, B.; Le Chatelier, E.; Derosa, L.; Duong, C.P.M.; Alou, M.T.; Daillere, R.; Fluckiger, A.; Messaoudene, M.;
Rauber, C.; Roberti, M.P.; et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against
epithelial tumors. Science 2017. [CrossRef] [PubMed]

86. Gopalakrishnan, V.; Spencer, C.N.; Nezi, L.; Reuben, A.; Andrews, M.C.; Karpinets, T.V.; Prieto, P.A.;
Vicente, D.; Hoffman, K.; Wei, S.C.; et al. Gut microbiome modulates response to anti-PD-1 immunotherapy
in melanoma patients. Science 2017. [CrossRef] [PubMed]

87. Alexander, J.L.; Wilson, I.D.; Teare, J.; Marchesi, J.R.; Nicholson, J.K.; Kinross, J.M. Gut microbiota modulation of
chemotherapy efficacy and toxicity. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 356–365. [CrossRef] [PubMed]

88. Banna, G.L.; Torino, F.; Marletta, F.; Santagati, M.; Salemi, R.; Cannarozzo, E.; Falzone, L.; Ferrau, F.; Libra, M.
Lactobacillus rhamnosus GG: An overview to explore the rationale of its use in cancer. Front. Pharmacol.
2017, 8, 603. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/jgs.12474
http://www.ncbi.nlm.nih.gov/pubmed/24117302
http://dx.doi.org/10.1177/0148607112467819
http://www.ncbi.nlm.nih.gov/pubmed/23192454
http://dx.doi.org/10.3945/ajcn.114.103531
http://www.ncbi.nlm.nih.gov/pubmed/25926507
http://dx.doi.org/10.3109/09637486.2015.1126564
http://www.ncbi.nlm.nih.gov/pubmed/26708938
http://dx.doi.org/10.1099/mic.0.044057-0
http://www.ncbi.nlm.nih.gov/pubmed/20864471
http://dx.doi.org/10.1007/s10620-016-4084-7
http://www.ncbi.nlm.nih.gov/pubmed/26888768
http://dx.doi.org/10.1016/j.antiviral.2007.03.013
http://www.ncbi.nlm.nih.gov/pubmed/17512614
http://dx.doi.org/10.1111/j.1365-2249.2010.04173.x
http://www.ncbi.nlm.nih.gov/pubmed/20456417
http://dx.doi.org/10.1111/j.1365-2125.2012.04404.x
http://www.ncbi.nlm.nih.gov/pubmed/22845346
http://dx.doi.org/10.3390/nu9111175
http://www.ncbi.nlm.nih.gov/pubmed/29077061
http://dx.doi.org/10.1038/sj.onc.1210906
http://www.ncbi.nlm.nih.gov/pubmed/18176599
http://dx.doi.org/10.1016/j.smim.2006.01.008
http://www.ncbi.nlm.nih.gov/pubmed/16469504
http://dx.doi.org/10.1158/0008-5472.CAN-16-0448
http://www.ncbi.nlm.nih.gov/pubmed/27474734
http://dx.doi.org/10.1038/nrc.2017.13
http://www.ncbi.nlm.nih.gov/pubmed/28303904
http://dx.doi.org/10.1126/science.aan3706
http://www.ncbi.nlm.nih.gov/pubmed/29097494
http://dx.doi.org/10.1126/science.aan4236
http://www.ncbi.nlm.nih.gov/pubmed/29097493
http://dx.doi.org/10.1038/nrgastro.2017.20
http://www.ncbi.nlm.nih.gov/pubmed/28270698
http://dx.doi.org/10.3389/fphar.2017.00603
http://www.ncbi.nlm.nih.gov/pubmed/28919861
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Vaccines, Probiotic Bacteria and Modulation of Immunity 
	Probiotics and Vaccines 
	Probiotics and Vaccines in Infants 
	Probiotics and Vaccines in Adults 

	Discussion 
	Conclusions 

