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8.1
Introduction

The human body is host to a varied and significant community of microbes, with the large intestine being the location of the vast majority of bacteria.  Studies of the gut microbiota have revealed that both diet and the presence or absence of several diseases can significantly influence the number and diversity of bacterial species (Human Microbiome Project Consortium, 2012).  In addition to hosting the largest quantity of microbes in the human body, the gut is also the largest site of immune tissue (see also Chapter 2), and the numerous links between nutrition, the gut microbiota and immune function are the focus of significant research (Kau et al., 2011).  Prebiotics, probiotics and synbiotics are dietary ingredients with potential to act as ‘functional foods’ - influencing health and/or mucosal and systemic immune function via alterations in the gut microbiota composition.  
Prebiotics are ‘a selectively fermented ingredient that results in specific changes, in the composition and/or activity of the gastrointestinal microbiota, thus conferring benefit(s) upon host health’ (Gibson et al., 2010).  Nutrients with widely reported prebiotic functions include fructo-oligosaccharides and galacto-oligosaccharides, although any non-digestible dietary component which enters the large intestine is a candidate prebiotic (Gibson et al., 2010).  Probiotics are defined as “live microorganisms that, when administered in adequate amounts, confer a health benefit on the host” (United Nations Food and Agriculture Organization of the United Nations, 2001, 2002).  Probiotic products typically contain bifidobacteria or lactobacilli, often contained within fermented milk products, or provided as lyophilised powder in capsule form.  The term synbiotic refers to a dietary intervention which combines prebiotics and probiotics.  This may confer advantages, such as increasing probiotic survival after consumption (a true ‘synergy’) or simply provide the additive benefits of each individual component (Rastall and Maitin, 2002).  
It is possible to assess immune function in humans using a wide variety of techniques, ranging from observations of mortality rates following infection, to in vitro experiments assessing intra-cellular production of individual immune signalling molecules.  One of the challenges of investigating the effect of foods, nutrients or dietary ingredients upon the human immune system is the selection of appropriate assay(s) which is both logistically feasible and representative of clinically-relevant changes in immune function.  A review was undertaken to assess the clinical relevance, biological sensitivity and feasibility of immune assays that can be used to investigate the effect of nutrition interventions upon immune function (Albers et al., 2013).  This review concluded that the markers which provide the most useful indication of immune function were the assessment of symptoms of common infections or allergies and the response to vaccination or allergen testing.
Using vaccination responses as a proxy for assessing changes in immune function provides insight into the overall efficacy of the co-ordinated function of a wide range of immune processes.  A comprehensive overview of the immunology of vaccine responses is available elsewhere (Siegrist, 2008) describing the cellular mechanisms involved in orchestration of a successful immune response to challenge via vaccination.   In brief, vaccination provides long-term protection against pathogens by inducing vaccine-specific antibody production and/or the induction of immune memory cells.  Vaccination responses can therefore be assessed via measurement of the quantity of vaccine-specific serum antibodies. Vaccination schedules across the life course provide ample opportunity to use vaccination to assess immune function in nutrition studies.  Studies of infants and children can be scheduled in tandem with routine childhood vaccinations; oral vaccinations such as rotavirus, cholera or polio can be used to gain insight into mucosal immunity in children and adults, and influenza vaccinations recommended for older adults provide annual windows to assess immune responses against a background of declining immune function.  Levels of antibody titres which have been found to correlate to rates of protection against infection are used as thresholds to define whether an individual is ‘seroprotected’ post-vaccination (Table 8.1).  Rates of protection achieved post-vaccination will vary between specific vaccinations and according to the population studied.  Older adults, for example, often exhibit significantly lower rates of seroprotection after influenza vaccination than observed in younger adults. 
INSERT TABLE 8.1 NEAR HERE
This review details the available data from human studies reporting the effects of dietary prebiotics, probiotics and synbiotics upon responses to vaccination. Only those studies which report vaccine-specific antibody titres, rates of seroprotection or seroconversion are included, and summary tables detail any statistically significant effects observed (p<0.05).  Where data on clinical outcomes are available (clinically confirmed rates of infections, participant-reported symptoms), these are also discussed. Studies that investigated the effects of probiotics or prebiotics as part of a multi-nutrient intervention are not included in this review.  

8.2
Probiotics and vaccine responses in infants and children

Five studies were identified which assessed the effects of probiotics on vaccine responses in infants and children (Table 8.2).  These include studies of healthy term infants (Isolauri et al., 1995; West et al., 2008), infants identified as being at high risk of developing atopic disease (Soh et al., 2010), infants who had previously be hospitalised with acute illness (Youngster et al., 2011) and children within a developing country (Matsuda et al., 2011).  A minority of study designs provided very short term probiotic supplementation in the days before and after vaccination (Isolauri et al., 1995; Matsuda et al., 2011), with the majority of studies providing supplementation for several months (Soh et al., 2010; West et al., 2008; Youngster et al., 2011).  A variety of probiotic organisms was used, but these were typically lactobacilli or bifidobacteria (Table 8.2). The majority of studies conducted in infants and young children reported no significant improvement in vaccine-specific antibody responses (Isolauri et al., 1995; Soh et al., 2010; West et al., 2008; Youngster et al., 2011), and one study reported a significantly impaired response to oral cholera vaccination (Matsuda et al., 2011).  Interestingly, the study by West et al. (2008) identified a significant effect upon vaccine-specific antibody responses when a subgroup analysis was performed on those infants who had been breastfed for less than 6 months, indicating that there might be variation in the ability of probiotics to influence immune function dependent upon other nutritional or lifestyle influences.  The currently available data therefore do not support a beneficial effect of probiotics upon vaccine responses in infants or young children.
INSERT TABLE 8.2 NEAR HERE
8.3
Probiotics and vaccine responses in adults

Nine studies of probiotics and vaccine responses in adults were identified (Table 8.3), which included studies of oral (de Vrese et al., 2005; Fang et al., 2000; Link-Amster et al., 1994; Ouwehand et al., 2014; Paineau et al., 2008), nasal (Davidson et al., 2011) and parenteral vaccinations (Jesperson et al., 2015; Olivares et al., 2007; Rizzardini et al., 2012).  Six of these studies identified significant differences in vaccine-specific antibody production (Davidson et al., 2011; de Vrese et al., 2005; Link-Amster et al., 1994; Olivares et al., 2007; Paineau et al., 2008; Rizzardini et al., 2012).  Vaccination via the oral or nasal routes is anticipated to directly influence mucosal immune responses.  Four of the six studies using oral or nasal vaccinations identified significant positive effects upon vaccine-specific antibody titres (Davidson et al., 2011; de Vrese et al., 2005; Link-Amster et al., 1994; Paineau et al., 2008) and two reported no significant effect of probiotic supplementation (Fang et al., 2000; Ouwehand et al., 2014).  Of the studies reporting no significant effects, it is noteworthy that these included the study with the shortest intervention period (7 days, Fang et al., 2000).   Strain-specific effects may also account for some variations between studies, as evidenced by the data presented by Paineau et al. (2008) where significant positive effects were only observed for two of the seven probiotic treatments tested.  Among studies which assessed the influence of probiotics upon influenza vaccination responses, two identified significant increases in vaccine specific IgG (Olivares et al., 2007; Rizzardini et al., 2012).  The third and largest study identified no significant effect on vaccine-specific antibody responses (Jesperson et al., 2015).  
Within healthy adults, significant positive effects of probiotics upon vaccination responses are therefore supported by the available data.  Where other clinically relevant outcomes were reported, a mixed picture was seen.  Two studies indicated that providing probiotics as an adjuvant to influenza vaccination lead to significant reductions in participant-reported days with influenza-like illness (Olivares et al., 2007; Jesperson et al., 2015).  In contrast, Ouwehand et al. (2014) noted that adverse vaccine side effects (fever, headache, nausea, loose stools) were more prevalent among participants receiving probiotic supplementation after an oral Escherichia coli challenge.
INSERT TABLE 8.3 NEAR HERE
8.4
Probiotics and vaccine responses in older adults

Six studies of probiotics used concurrently with parenteral influenza vaccination in older adults were identified (Table 8.4).  These studies were conducted in nursing home residents (Akatsu et al., 2013a; Boge et al. 2009; Maruyama et al., 2016; van Puyenbroeck et al., 2012), institutionalised older adults (Bosch et al., 2012) or those receiving enteral feeding (Akutsu et al., 2013b).  While several identified significantly higher vaccine-specific antibody titres with probiotic treatment (Akutsu et al., 2013b; Boge et al. 2009; Bosch et al., 2012), in only one study was this associated with significantly increased rates of seroconversion (Boge et al. 2009).  The study by Bosch et al. (2012) is of interest as this was the only study identified which did not provide probiotic supplementation before or immediately after vaccination: in this study, probiotic supplementation was commenced 3-4 months post-vaccination, yet still significantly increased vaccine specific IgA and IgG titres.  Further studies which investigate the best time for dietary probiotic provision in relation to vaccination schedules are therefore warranted.  The studies by Akatsu et al. (2013a) and Maruyama et al. (2016) are notable in that they provided heat-inactivated probiotics, and so would rely on mechanisms other than colonisation to exert any immunomodulatory effect.  No significant effect on vaccine responses was observed in either study, although a subgroup analysis in Maruyama et al. (2016) of those participants > 85 yr old indicated that probiotic supplementation increased the likelihood of achieving a 2-fold increase in antibody titres.
INSERT TABLE 8.4 NEAR HERE
8.5
Prebiotics and vaccine responses

Seven studies were identified where prebiotics were provided as adjuvants to vaccination (Table 8.5).  These included studies of pre-term (Van den Berg  et al. 2013) and term infants (Duggan et al., 2003, Salvini et al., 2011, Stam et al., 2011) and middle aged (Lomax et al., 2015) or older adults (Bunout et al., 2002; Akatsu et al., 2016), indicating a lack of available data on the effect that prebiotics might have upon vaccine responses in younger adults.  Only two of these seven studies identified any significant effects of prebiotics upon vaccine responses, but it is of interest that those which did were both studies of the parenteral inactivated trivalent influenza vaccine.  These studies identified significant effects of prebiotic treatment on the response to the H3N2 strain, with a higher rate of seroprotection 6 weeks post-vaccination among elderly adults (Akatsu et al., 2016), and a significant increase in H3N2 antibody titres among middle aged adults (Lomax et al., 2015).
INSERT TABLE 8.5 NEAR HERE
8.6
Synbiotics and vaccine responses

Five studies of synbiotics and vaccine responses were identified (Table 8.6).  These included studies of infants at risk of atopic disease (Kukkonen et al., 2006), healthy children (Firmansyah et al., 2011; Perez et al., 2010), healthy younger adults (Przemska-Kosicka et al., 2016) and older adults (Bunout et al., 2004; Przemska-Kosicka et al., 2016).  The studies conducted in children indicated no significant effects upon vaccine responses (Firmansyah et al., 2011; Perez et al., 2010).  Among infants identified as being at increased risk of atopic disease there was an increased rate of protection against Haemophilus influenzae type B (Hib) after synbiotics were provided to mothers during late pregnancy and infants during the first six months of life.  Amongst adults, a mixed picture is seen. Some data indicate an impaired influenza vaccine response with synbiotic treatment, particularly among older adults (Przemska-Kosicka et al., 2016), while another study of older adults which provided synbiotics over a longer duration identified no significant effects on vaccine specific responses (Bunout et al., 2004).  A similarly mixed picture was observed for studies reporting clinical outcomes, with a study in children identifying no significant effects of treatment upon days of fever or infectious episodes (Perez et al., 2010), while a study of older adults identified significantly lower incidence of subject reported infections during the 12 month supplementation period (Bunout et al., 2004).  There is currently insufficient data to draw strong conclusions on the influence that synbiotics may have upon vaccine responses.
INSERT TABLE 8.6 NEAR HERE
8.7
Discussion and conclusions

This review details the available data from 32 studies of dietary prebiotics, probiotics and synbiotics and vaccine-specific immune responses in humans. These studies reflect a diverse field of research, with variations in cohort age, geographical population studied, intervention period, vaccination type and vaccination route.  While this presents challenges in drawing out patterns on the effect of prebiotics, probiotics or synbiotics upon vaccination responses, some data trends are apparent. For probiotics, no available study of dietary supplementation demonstrated any improvement in the vaccine-specific immune responses of infants and children, and indeed one study identified impaired vaccine responses associated with probiotic treatment (Matsuda et al., 2011).  Early life and infancy is a period where the immune system undergoes rapid development and change against a background of passive immunity provided by antibodies transferred from the mother during pregnancy and breastfeeding.  It is of interest that the study by West et al. (2008) indicated positive effects of probiotic supplementation among a subset of infants who were breastfed for less than six months.  This may suggest that breastfeeding provides such immune benefits to infants that there is little scope for further improvement in function via dietary probiotics. The picture for probiotics as vaccine adjuvants among adults was more positive, with nine of the fourteen identified publications indicating a significant benefit upon diverse vaccine responses, including upon responses to oral salmonella (Link-Amster et al., 1994), cholera (Paineau et al., 2008) and polio (de Vrese et al., 2005) vaccinations and nasal (Davidson et al., 2011) and parenteral influenza vaccinations (Akutsu et al., 2013b; Boge et al., 2009; Bosch et al., 2012; Olivares et al., 2007; Rizzardini et al., 2012).  However, the lack of significant effects upon vaccine-specific immune responses reported within the largest scale studies of probiotics (n = 1104, Jesperson et al., 2015; n=737, van Puyenbroeck et al., 2012) cannot be ignored.  One proposed explanation put forward by Jesperson et al. (2015) is that participants who are already capable of responding strongly to vaccination do not have the capacity for further improvement via dietary intervention.  Work by Przemska-Koscika et al. (2016) and Maruyama et al. (2016) highlights that variations in the degree of immunosenesence among older adults is a significant potential confounder.  In addition, comparing results obtained in studies which have used influenza vaccination as a model of immune responses presents a challenge because the three strains included in this vaccine are subject to review each year.  While this provides a research advantage in enabling repeated studies of immune responses among adults who have previously been vaccinated, it comes at the cost of variations in vaccine effectiveness year-to year (Table 8.7), and altered responses among participants exposed to similar antigens in previous years, which may account for some of the differences in results between studies. While only limited data are available for the effects of prebiotics and synbiotics upon vaccination responses, only three of the eleven identified studies demonstrated a benefit of dietary supplementation (Akatsu et al., 2016; Kukkonen et al., 2006; Lomax et al., 2015) upon vaccination responses Whether any positive effects which may arise from synbiotic supplementation are a result of the prebiotic or the probiotic or are a truly synergistic effect of the combined ingredients remains to be addressed.
In summary, available data indicate that treatment of adults with live probiotic strains can induce significant increases in vaccine-specific antibody responses to a wide range of vaccines, including seasonal influenza.  This is of significant public health importance, given that annual influenza epidemics are estimated to cause 250,000-500,000 deaths (World Health Organisation, 2014).  However, available data also indicate that those individuals most vulnerable to severe consequences following impaired vaccination responses (children under 2 years of age, adults over 65 years of age) are not the most responsive populations to the vaccine-specific effects of dietary probiotics, limiting the clinical benefit of widespread probiotic supplementation. Further studies are required to fully assess the strain-specific effects of probiotics and the optimal timing and duration of interventions planned around vaccination schedules.

INSERT TABLE 8.7 NEAR HERE
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Table 8.1. Published antibody titres associated with clinical protection (EMA CPMP committee, 1997; van den Berg et al., 2013; WHO, 2013)

	Vaccination
	Titre associated with clinical protection

	Pertussis
	20 EU/ml

	Diphtheria
	0.01 IU/ml

	Tetanus
	0.01 IU/ml

	Hib
	0.15 μg/mL (protective against short term invasive disease)

1 μg/mL (protective against long term invasive disease)

5 μg/mL (protective against colonisation)

	9-valent pneumococcal conjugate vaccine
	≥0.35 μg/ml

	Meningococcal C conjugate vaccine
	rSBA titres ≥128, hSBA titres ≥4 or 4-fold increase in rSBA post-vaccination; rSBA cut-off of 8 at one month post-vaccination.

	HepB
	10 IU/L

	Measles 
	PRN >120 mIU/mL

	Trivalent influenza
	Seroprotection: HAI titre >1:40 

Seroconversion: Influenza-specific titre mean-fold increase 2.5


Table 8.2. Studies investigating the effects of probiotics on vaccine responses in infants and children.

	Reference
	Probiotic, dose and matrix
	Vaccine 
	Study design
	Outcomes

	Isolauri et al. (1995)
	Lactobacillus casei strain GG; 

5x1010 cfu in 0.1 g powder reconstituted in 5 ml water.
	Single dose of oral rhesus-human reassortant rotavirus vaccine (DxRRV).
	Randomised, placebo controlled study of n=60 infants aged 2-5 months (Finland).  

Probiotic administered immediately prior to vaccination and twice daily for 5 days post-vaccination.

Blood samples collected at baseline, 8 days post-vaccination (subset) and 30 days post-vaccination.
	No significant effects upon rates of seroconversion or post-vaccination vaccine specific antibody titres.

No change in post vaccination symptoms or incidence of fever, vomiting or loose stools during 7-day follow up.  

	West et al. (2008)
	Lactobacillus paracasei ssp. paracasei strain F19;
108 cfu in cereal.
	Parenteral diphtheria, tetanus toxoid and acellular pertussis (DTaP), polio and Hib vaccines at 3, 5 and 12 months.
	Randomised, double-blind placebo controlled study of n=180 infants aged 4 months (Sweden).

Probiotics given in cereal at least once per day until 13 months age.

Blood collected at 5, 6, 12, 13 months.
	No significant differences in vaccine specific antibody titres between groups.

Probiotic resulted in significantly higher anti-diphtheria and anti-Hib capsular polysaccharide antibody titres in infants breastfed for < 6 months.

Infants in the probiotic group had significantly fewer days with antibiotics.

	Soh et al. (2010)
	Infant formula containing Bifidobacterium longum BL999 and Lactobacillus rhamnosus LPR;  minimum dose of  2.8x108 cfu in 60 ml infant formula.
	Two schedules of Hepatitis B (HepB) at age 0, 1 and 6 months, either:

Monovalent HepB at dose 1 and 2, and DTaP vaccine containing HepB component at dose 3 or monovalent HepB vaccine for all doses.
	Randomised, double blind controlled study of n=253 infants at risk of eczema (Singapore).  

Newborn infants given minimum of 60 ml/day infant formula containing probiotics for 6 months.

Blood sample collected at 12 months.
	No significant effects of probiotic on HepB antibody titres.

	Matsuda et al. (2011)
	Bifidobacterium breve strain Yakult;
4x109 cfu in 1 g.
	Two doses of oral Cholera vaccine Dukoral® 14 days apart.
	Randomised, double-blind placebo controlled study of n=128 children aged 2-5 yr (Bangladesh).   

Probiotic given from first vaccination until 7 days post 2nd vaccination.

Blood samples collected pre-vaccination, day of vaccinations, and 2 weeks post 2nd vaccination.  
	Significantly lower proportion of responders in the probiotic group for viral cholera toxin B subunit specific IgA.

	Youngster et al. (2011)
	Lactobacillus acidophilus strain ATCC4356, Bifidobacterium bifidum DSMZ20082, Bifidobacterium longum ATCC157078, Bifidobacterium infantis ATCC15697 (Altman Probiotic Kid Powder); 3x109 cfu of each microorganism in sachet of powder.
	Parenteral mumps, measles, rubella and varicella (MMRV) vaccine at 12 months age.
	Randomised, placebo-controlled double blind study of n=47 infants aged 8-10 months admitted to the paediatric ward with acute illness (Israel). 

Probiotic given daily for 2 months pre-vaccination and 3 months post-vaccination.

Blood samples collected 3 months post-vaccination.


	No significant effect of probiotic on participants reaching protective IgG antibody titres.


Table 8.3. Studies investigating the effects of probiotics on vaccine responses in adults.
	Reference
	Probiotic, dose and matrix
	Vaccine 
	Study design
	Outcomes

	Link-Amster et al. (1994)
	Lactobacillus acidophilus La1 and Bifidobacteria Bb12; 107-108 cfu/g in 125 g fermented milk.
	Oral attenuated Salmonella typhi Ty21a vaccine capsule on day 8, 10 and 12.
	Preliminary group: Randomised study of n = 10 healthy male volunteers (Switzerland).
Probiotic proved three times per day for 3 weeks, starting one week before vaccination.

Blood samples collected at baseline and 14, 24 and 42 days after first vaccination.

Main group: Randomised study of n = 30 healthy adults aged 19-59 years (Switzerland).

Probiotics proved three times per day for 3 weeks, starting one week before vaccination.

Blood samples collected three days prior to probiotic treatment and 14 and 24 days after first vaccination. 
	Preliminary group: No significant differences in vaccine-specific antibody responses.

Main group: Significantly greater fold increase in vaccine-specific serum IgA antibody titre in probiotic group 

	Fang et al. (2000)


	Lactobacillus GG 4x1010 cfu or 

Lactococcus lactis 3.4x1010 cfu as lyophilised powder.
	Three doses of oral attenuated Salmonella typhi Ty21a vaccine (day 1, 3 and 5).
	Randomised, placebo controlled study of n = 30 healthy adult volunteers aged 20-50 years (Finland).

Probiotics provided from day of first vaccination for 7 days.

Blood samples collected prior to vaccination and 7 days post vaccination.
	No significant difference in vaccine-specific IgA, IgG or IgM antibody secreting cells between groups.


	de Vrese et al. (2005)


	Lactobacillus rhamnosus GG or 

Lactobacillus paracasei ssp. paracasei strain CRL431; 1x1010 cfu in 100 g acidified milk product.
	Oral attenuated poliomyelitis virus types 1, 2 and 3 vaccine.
	Randomised, placebo-controlled, double-blind study of n=64 healthy males aged 20-30 years (Germany).

Probiotics provided for 5 weeks starting 1 week prior to vaccination.

Blood samples collected 4 weeks prior to vaccination, day of vaccination, and 2, 4 and 7 weeks post vaccination.
	No significant effect of probiotics upon rates of seroprotection to any of the three virus types.

Lactobacillus rhamnosus GG group had significantly greater increase in neutralising antibody responses to poliomyelitis virus types 1, 2 compared to placebo and significantly greater increase in poliomyelitis virus type 1 specific IgA titre compared to placebo.

Lactobacillus paracasei ssp. paracasei strain CRL431 had significantly greater increase in poliomyelitis virus type 2 specific IgM titre compared to placebo.

	Olivares et al. (2007)
	Lactobacillus fermentum (CECT5716); 1010 cfu in a capsule.
	Parenteral inactivated trivalent influenza vaccine for the campaign of 2004/2005
	Parallel, randomised, double-blind, placebo controlled study of n=50 healthy adults aged 22-56 years (Spain).

Probiotic provided for 2 weeks pre- and post-vaccination. 

Blood samples collected 2 weeks prior to vaccination, immediately prior to vaccination and 2 weeks post-vaccination.
	Significantly higher vaccine-specific IgM 2 weeks post vaccination in probiotic treated group.

Significantly lower participant reported incidence of influenza-like illnesses 5 months post vaccination in probiotic treated group.

	Paineau et al. (2008)


	Lactibacillus acidophilus La-14, Lactibacillus acidophilus NCFM®, Lactibacillus plantarum Lp-115, Lactibacillus paracasei Lpc-37, Lactibacillus salivarius Ls-33,

Bifidobacterium lactis Bl-04, Bifidobacterium lactis Bi-07 each provided at 1x1010 cfu in capsules
	Two doses of oral cholera vaccine Dukoral® 7 days apart.
	Parallel, randomised, double-blind controlled study of n=83 healthy adults aged 18-62 years (France).

Probiotics taken twice daily for three weeks, starting one week prior to vaccination.

Blood samples collected 7 days prior to vaccination, and at 7 and 14 days after 2nd vaccination.
	Significantly higher increase in vaccine-specific serum IgG on day 21 in subjects given probiotics Bifidobacterium lactis Bl-04 and those given Lactobacillus acidophilus La-14 compared to placebo.

Significantly lower levels of vaccine specific IgM on day 28 in subjects given Bifidobacterium lactis Bl-04 compared to placebo.

	Davidson et al. (2011)
	Lactobacillus GG (LGG) 1010 cfu  and 295 mg inulin in gelatin capsule.  Placebo = 355mg inulin in gelatin capsule. 
	Nasally administered live attenuated trivalent influenza vaccine for the campaign of 2007/2008
	Randomised, double-blind placebo controlled study of n=42 healthy adults aged 18-49 (USA).

Probiotic provided twice daily for 28 days, starting on the day of vaccination. 

Blood samples collected at baseline, day 14, 28 and 56.
	No significant differences in seroconversion rates for H1N1 and B strains.

Probiotic significantly increased seroprotection rate to the H3N2 strain at day 28.

No significant differences in seroconversion rates at day 56. 

	Rizzardini et al. (2012)
	Bifidobacterium animalis ssp. lactis (BB-12®) 109 cfu in a capsule or Lactobacillus paracasei ssp. paracasei (L.casei 431®) 109 cfu in 110 ml of acidified dairy drink.
	Parenteral attenuated trivalent influenza vaccine for the campaign of 2008/2009 
	Parallel, randomised, placebo controlled study of n=211 healthy adults aged 19-60 years (Italy).

Probiotics were provided for six weeks, starting two weeks prior to vaccination.

Blood samples collected at baseline and after six weeks of probiotic supplementation.
	Significantly greater increase in vaccine-specific IgG antibody titre with both probiotic treatments compared to placebo.  

	Ouwehand et al. (2014)
	Lactobacillus acidophilus  ATCC 700396;  109 cfu as capsulated powder to be mixed with 150 ml soya milk products.
	Oral challenge with attenuated Escherichia coli.
	Parallel, double-blind, placebo-controlled study of n=40 healthy men, mean age 24 years (The Netherlands).

Probiotics were provided twice daily for four weeks, starting two weeks prior to vaccination.

Blood samples collected 9 and 15 days post oral challenge.
	No significant differences between probiotic and placebo in antigen-specific serum IgG, IgM or IgA.

Clinical measures (fever, headache, nausea, loose stools) more often reported in probiotic group.

	Jesperson et al. (2015)
	Lactobacillus paracasei subsp. paracasei, L. casei

431 (Chr. Hansen A/S); ≥109 cfu in 100 ml acidified milk drink
	Parenteral inactivated trivalent influenza virus vaccine for the 2011/2012 campaign.
	Randomised, double blind placebo controlled trial of n=1104 healthy adults aged 18-60 years (Germany, Denmark).

Probiotic provided for 42 days, starting three weeks prior to vaccination.

Blood samples collected 21 days post vaccination.
	No significant effect upon vaccine-specific seroprotection, seroconversion or geometric mean titre.
Significantly shorter duration of common cold and influenza-like illness on day 21-42 of probiotic treatment.


Table 8.4. Studies investigating the effects of probiotics on vaccine responses in older adults.

	Reference
	Probiotic, dose and matrix
	Vaccine 
	Study design
	Outcomes

	Boge et al. (2009)
	Lactobacillus paracasei ssp. paracasei (Actimel ®); 1010cfu in 100 g sweetened, flavoured fermented dairy drink.

	Parenteral inactivated trivalent influenza virus vaccine (pilot study 2005-2006; confirmatory study 2006-2007).
	Pilot study: Randomised, controlled, double-blind study of n=86 healthy nursing home residents aged ≥ 70 years (France).  

Probiotic provided twice daily for 7 weeks, starting 4 weeks prior to vaccination.

Blood samples collected at baseline and 3 weeks, 3 months and 5 months post-vaccination.

Confirmatory study: Randomised, controlled, double-blind study of  n=222 healthy nursing home residents aged ≥ 70 years (France).  

Probiotic provided twice daily for 13 weeks, starting 4 weeks prior to vaccination. 

Blood samples collected at baseline and 3 weeks, 6 weeks, 9 weeks and 5 months post-vaccination.


	Pilot study: No significant differences in strain-specific antibody titres, seroprotection rates or seroconversion rates 3 weeks post vaccination.

Confirmatory study:

Significantly higher B/Malaysia/2506/2004 antibody-titres in probiotic group at 3, 6 and 9 weeks post vaccination, and associated significantly higher seroconversion rates at 6 and 9 weeks post vaccination.

Significantly higher seroconversion to B/Malaysia/2506/2004 and A/Wisconsin/67/2005(H3N2) 5 months post vaccination in probiotic group.

	Bosch et al. (2012)
	Lactobacillus plantarum CECT7315/7316 at 5x109 cfu or 5x108 cfu in 20 g powdered skim milk to be dissolved in water or other cold drink.
	Parenteral inactivated trivalent influenza virus vaccine for the 2006/2007 campaign.
	Randomised, double-blind, placebo controlled study of n=60 institutionalised volunteers aged 65-85 (Spain).

Probiotics provided for 3 months, starting 3-4 months post vaccination

Blood samples collected at baseline of probiotic treatment and after 3 months probiotic treatment.
	Significant increase in vaccine-specific IgG in high-dose probiotic group.

Significant increase in vaccine-specific IgA in probiotic treated groups.

	van Puyenbroeck et al. (2012)
	Lactobacillus

casei Shirota (LcS); 6.5 x 109 cfu in a fermented milk product.
	Parenteral inactivated trivalent influenza virus vaccine for the 2007/2008 campaign.
	Randomised, double-blind, placebo-controlled trial of n=737 healthy nursing home residents aged ≥ 65yr (Belgium).

Probiotic provided twice daily for 176 days, starting 3 weeks prior to vaccination.

Blood samples collected prior to probiotic treatment, 4 weeks after vaccination and at the end of the study (day 176).
	No significant effect upon influenza-specific titres, seroconversion or seroprotection rates.

	Akatsu et al. (2013a)
	Heat killed Lactobacillus paracasei MoLac-1; 109 cfu in jelly
	Parenteral inactivated trivalent influenza virus vaccine for the campaign 2012-2013.
	Randomised, placebo-controlled study of n=15 nursing home residents, mean age 76 years (Japan).

Probiotic provided for 12 weeks, starting three weeks prior to vaccination. 

Blood samples collected at baseline and 3 and 9 weeks post-vaccination.


	No significant differences between probiotic and placebo group in the change in haeagglutination inhibition (HAI) titres post vaccination compared to baseline.

No significant differences in rates of seroconversion. 

	Akutsu et al. (2013b)
	Bifidobacterium

longum BB536; 5 x 1010 cfu in 2 g powder mixed into enteral tube feeding formula 1 hour before feeding.
	Parenteral inactivated trivalent influenza virus vaccine for the 2009-2010 campaign.
	Parallel, double blind, randomised, placebo-controlled study of n=45 patients fed by enteral tube aged ≥ 65 yr (Japan).

Probiotics provided for 12 weeks, starting 4 weeks prior to vaccination.

Blood samples collected at baseline, day of vaccination, and 2, 4, 8, 12 weeks post vaccination.
	Significantly more patients receiving probiotic had A/H1N1 antibody titres>20 at week 6.

No significant effect of probiotic upon seroprotection (antibody titre >40). 

	Maruyama et al. (2016)
	Heat killed L. paracasei MCC1849; 109 in jelly.
	Parenteral inactivated trivalent influenza virus vaccine for the 2013-2014 campaign.
	Parallel, double blind, randomised, placebo-controlled study of n=45 elderly nursing home residents (aged 72-99 yr).  
Probiotics provided for 6 weeks, starting 3 weeks prior to vaccination.
Blood samples collected at baseline and 3 weeks post-vaccination.
	No significant effects upon antibody titres with probiotic treatment.  Seroprotection/seroconversion rates not reported.
Subgroup analysis conducted on participants >85 yr: more participants with >2-fold increase in antibody titres with probiotic treatment.


Table 8.5. Studies investigating the effects of prebiotics on vaccine responses.

	Reference
	Prebiotic, dose and matrix
	Vaccine 
	Study design
	Outcomes

	Bunout et al. (2002)
	3g of fructo-oligosaccharides (70%

raftilose and 30% raftiline) to be mixed with a government provided nutritional supplement.
	Influenza and pneumococcal vaccination.
	Randomised, double-blind, placebo controlled study of n=66 healthy free living older adults aged ≥ 70 yr (Chile).

Prebiotics provided twice daily for 28 weeks, starting 2 weeks prior to vaccination.

Blood samples collected at baseline, day of vaccination and six weeks post vaccination.
	No significant differences in vaccine-specific antibody titres.

	Duggan et al. (2003)
	1st  trial: infant cereal supplemented with

oligofructose (0.55 g/15 g cereal) 

2nd trial: infant cereal supplemented with

oligofructose (0.55 g/15 g cereal) and

zinc (1 mg/15 g cereal) 
	Haemophilus influenza type B (Hib) at 5-6 months age.
	1st trial: Randomised, double-blind study of n=282 healthy, weaned infants aged 6-12 months (Peru).

Prebiotic-enriched cereal provided for 6 months.

Blood sample collected on enrolment and at 5 and 6 months after enrolment.

2nd trial: Randomised, double-blind study of n=349 healthy, weaned infants aged 6-12 months (Peru).

Prebiotic-enriched cereal provided for 6 months.

Blood sample collected on enrolment and at 5 and 6 months after enrolment.


	No significant differences in post-Hib vaccine antibody titer.

No significant differences in post-Hib vaccine antibody titer.

	Salvini et al. (2011)
	Infant formula enriched with 8 g/L short-chain galacto-oligosaccharides and long-chain fructo-oligosaccharides (9:1).
	HepB vaccine at 12 months age.
	Randomised, placebo-controlled study of n=22 full-term forumula-fed newborns of hepatitis C-infected mothers (Italy).

Prebiotic enriched formula provided from day of birth for first six months of life.

Blood samples collected for vaccine responses at 12 months.


	No significant effect upon vaccine-specific antibody titres.  

	Stam et al. (2011)
	6.8 g/L short chain galacto-oligosaccharides

/ long chain fructo-oligosaccharides (9:1) and 1.2 g/L pectin-derived acidic

oligosaccharides within infant formula.
	Hib and tetanus immunization at 2, 3, 4 and 11 months age.
	Randomised, placebo-controlled, double-blind study of n=164 healthy, full term non-atopic infants (The Netherlands) who had received at least one formula-feed prior to 8 weeks age.

Prebiotic-enriched formula provided from enrolment until 12 months of age.

Blood samples collected at 6 and 12 months old.
	No significant effect of prebiotic treatment upon vaccine-specific antibody levels.

	Van den Berg  et al. (2013)
	80% neutral oligosaccharides [small-chain galacto-oligosaccharides/ long-chain fructo-oligosaccharides] in combination with 20% pectin-derived acidic oligosaccharides in enteral supplementation at a maximum dose of 1.5 g/kg/day.
	DTaP, polio and Hib combination vaccine at 2, 3 and 4 months age.
	Randomised trial of n=113 preterm infants (gestational age <32 weeks and/or birth weight <1500 g) admitted to level III neonatal intensive care unit (The Netherlands).

Prebiotics provided between day 3 and day 30 after birth.

Blood samples collected within 48 hr of birth and at 5 and 12 months age.
	No significant effect upon vaccination response.

	Lomax et al. (2015)
	Long-chain inulin and oligofructose, 8 g/day provided as powder to be mixed with water.
	Parenteral inactivated trivalent influenza virus vaccine.
	Parallel, randomised double-blind, placebo controlled study of n=49 middle aged adults (45-63 yr).  Prebiotic provided 4 weeks prior to vaccination and 4 weeks post-vaccination.  Blood samples collected at baseline and at 2 and 4 weeks post-vaccination.
	No significant treatment effects observed upon rates of seroprotection or seroconversion.

Significantly higher H3N2 antibody titres with prebiotic treatment.

	Akatsu et al. (2016)
	Galacto-oligosaccharides 4 g/day and a novel prebiotic (bifogenic growth stimulator) 0.4 g/day, dissolved in water and provided enterally.
	Parenteral inactivated trivalent influenza virus vaccine.
	Parallel, open label, randomised controlled study of n=30 bedridden elderly subjects receiving enteral feeding by percutaneous endoscopic gastrostomy.  Prebiotics were provided for 4 weeks prior to vaccination, and blood samples collected 2 and 6 weeks post vaccination.
	Significantly higher rates of seroprotection to H3N2 strain 6 weeks post vaccination with prebiotic treatment.

No significant differences in antibody titres observed. 


Table 8.6. Studies investigating the effects of synbiotics on vaccine responses

	Reference


	Probiotic, prebiotic, dose and matrix
	Vaccine 
	Study design
	Outcomes

	
	
	
	
	

	Bunout et al. (2004)
	Lactobacills paracasei (NCC 2461) 109 cfu, 6 g fructo-oligosaccharides (raftilose: raftiline 2:1) within a 117 g powder based nutritional drink
	Influenza and pneumococcal vaccination.
	Open label, parallel study of n=60 healthy elderly subjects (≥70 years) (Chile).

Synbiotic provided for one year, starting four months prior to vaccination.

Blood sample collected two months post vaccination.
	No significant differences in vaccine specific antibodies 2 months post-vaccination.

Significantly lower incidence of subject reported infections during the 12 month supplementation period.

	Kukkonen et al. (2006)
	Lactobacillus rhamnosus GG (ATCC 53103) 5x109 cfu, Lactobacillus rhamnosus (LC705) 5x109 cfu, Bifidobacterium breve (Bbi99) 2x108 cfu, Propionibacterium freudenreichii ssp. shermanii JS 2x109 cfu in capsule form.  0.8 g galacto-oligosaccharides.
	DTaP when infants 3, 4 and 5 months, Hib vaccines at 4 months. 
	Randomised, double-blind placebo controlled study of n=98 pregnant women (35 wks gestation) with a family history of atopic disease and their infants (Finland).  

Mothers take probiotic capsules twice daily until delivery.  Infants take one capsule with 0.8 g galacto-oligosaccharide syrup until 6 months.  

Blood samples collected from infants at 6 months.
	Higher frequency of  protective Hib-specific IgG antibody responses in the synbiotic group (p=0.02)

No significant differences in diphtheria- and tetanus-specific titres.

	Perez et al. (2010)
	Lactobacillus casei, 95x106 cfu, Lactobacillus acidophilus 95x106 cfu, oligofructose (950 mg) and inulin (240 mg) within 95 g fermented milk.
	DTaP-Hib at 18 months age or 23-valent anti-pneumococcal vaccine.
	Double-blind placebo-controlled trial of n=162 low socio-economic status children aged 9 months – 10 years who attended hospital outpatient facilities (Argentina).

Synbiotic drink taken once daily for at least 4 months prior to vaccination.

Blood samples collected prior to vaccination and 30-40 days post vaccination.
	No significant effects upon antibody response, days of fever or infectious episodes.

	Firmansyah et al. (2011)
	Bifidobacterium longum (BL999), Lactobacillus rhamonosus (LPR), inulin and fructo-oligosaccharides (30:70) in milk, minimum dose of 57.6 g of this combination in 400 ml milk.
	Measles booster and primary Hepatitis A vaccine at14 months.
	Parallel, randomised, double-blind, placebo controlled study of n=393 healthy toddlers aged 12 months (Indonesia).
Synbiotic provided for 4 months.

Blood samples collected at baseline and 2 months post-vaccination.
	No significant differences in vaccine-specific antibody responses.

	Przemska-Kosicka et al. (2016)
	Bifidobacterium longum bv. infantis

CCUG 52,486 (109 CFU) and gluco-oligosaccharide (8 g), provided as powder for mixing with water or milk or with breakfast cereal
	Parenteral inactivated trivalent influenza virus vaccine.
	Parallel, randomised double-blind, placebo controlled study of n=62 younger adults (18-35 yr) and n = 62 older adults (60-85 yr). Synbiotic provided 4 weeks prior to vaccination and 4 weeks post-vaccination.  Blood samples collected at baseline and at 2 and 4 weeks post-vaccination.
	No significant differences in rates of seroprotection or seroconversion with synbiotic treatment in either age group.
When data from all participants were combined, significantly lower H1N1 titres with synbiotic treatment.
Amongst older adults, significantly lower H3N2 and Brisbane strain antibody titres with synbiotic treatment.


Table 8.7. Northern hemisphere trivalent seasonal influenza vaccine effectiveness estimates by campaign year (CDC, 2016)

	Campaign year
	WHO: Recommendations for seasonal influenza vaccine composition (Northern Hemisphere)
	Adjusted overall vaccine effectiveness1
	Studies of probiotics, prebiotics or synbiotics and the response to influenza vaccination 

	
	H1N1
	H3N2
	B-strain
	
	

	2004-05
	A/New Caledonia/20/99
	A/Fujian/411/2002
	B/Shanghai/361/
2002
	10
	Olivares et al. (2007)*

	2005-06
	A/New Caledonia/20/99
	A/California/7/
2004
	B/Shanghai/361/
2002
	21
	Boge et al. (2009) – pilot study

	2006-07
	A/New Caledonia/20/99
	A/Wisconsin/67/
2005 
	B/Malaysia/2506/
2004
	52
	Boge et al. (2009) – confirmatory study*; Bosch et al. (2012)*

	2007-08
	A/Solomon Islands/3/2006 
	A/Wisconsin/67/
2005†
	B/Malaysia/2506/
2004
	37
	Akatsu et al. (2016)*; Davidson et al. (2011)*; van Puyenbroeck et al. (2012)

	2008-09
	A/Brisbane/59/
2007 
	A/Brisbane/10/
2007 
	B/Florida/4/2006
	41
	Rizzardini et al. (2012)*; Lomax et al. (2015)*

	2009-10
	A/Brisbane/59/
2007 
	A/Brisbane/10/
2007
	B/Brisbane/60/
2008
	56
	Akutsu et al. (2013b)*

	2010-11
	A/California/7/
2009 
	A/Perth/16/
2009
	B/Brisbane/60/
2008
	60
	Przemska-Kosicka et al. (2016)*

	2011-12
	A/California/7/
2009 
	A/Perth/16/2009
	B/Brisbane/60/
2008
	47
	Jesperson et al. (2015)

	2012-13
	A/California/7/

2009
	A/Victoria/361/
2011
	B/Wisconsin/1/
2010
	49
	Akatsu et al. (2013a)

	2013-14
	A/California/7/
2009 
	A/Victoria/361/
2011
	B/Massachusetts/2/2012
	51
	

	2014-15
	A/California/7/
2009 
	A/Texas/50/

2012
	B/Massachusetts/2/2012
	19
	Maruyama et al. (2016)*


1 The reduction in risk provided by the influenza vaccine (WHO, 2014). * Significant effect of pre/probiotic treatment upon vaccine-specific antibody responses. †Akatsu et al. (2016) used A/Hiroshima/52/2005.
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