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Prebiotics, synbiotics, and SCFAs have been shown to decrease systemic inflammation and play a protective role in chronic respiratory conditions.
However, their effects on infection and immune function are unclear. The objective of this systematic review was to summarize the current evidence
for prebiotic, synbiotic, and SCFA supplementation on respiratory tract infections (RTls) and immune function. The protocol for this systematic
review was registered with PROSPERO (National Institute for Health Research, University of York, UK), accessed online at https://www.crd.york.ac.uk/
prospero (CRD42019118786). Relevant English-language articles up to May 2021 were identified via online databases: MEDLINE, EMBASE, CINAHL,
and Cochrane Library. Included studies (n = 58) examined the effect of prebiotics, synbiotics, or SCFA, delivered orally, on the incidence, severity,
or duration of RTls and/or markers of immune function (e.g., peripheral blood immunophenotyping, NK cell activity). The majority of studies were
randomized controlled trials reporting on RTls in infants and children. The meta-analysis indicated that the numbers of subjects with >1 RTl were
reduced with prebiotic (OR, 0.73;95% Cl: 0.62-0.86; P = 0.0002; n = 17) and synbiotic (OR, 0.75;95% Cl: 0.65-0.87; P = 0.0001; n = 9) supplementation
compared to placebo. Further, NK cell activity was increased with synbiotic (standardized mean difference, 0.74; 95% Cl: 0.42-1.06; P < 0.0001,n = 3)
supplementation. This review provides evidence that prebiotic, specifically oligosaccharide, supplementation may play a protective role in RTls in
infants and children. There is less evidence for this effect in adults. Supplementation with prebiotic and synbiotic treatment may alter immune
function by increasing NK cell activity, though effects on immunophenotype were less clear. Adv Nutr 2022;13:167-192.

Statement of Significance: This is the first systematic review to provide a comprehensive summary of available evidence for the effects of
prebiotic and synbiotic supplementation in the context of immunity and respiratory tract infections.
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Introduction tract infections (URTIs) (5). Emerging evidence suggests

A growing body of evidence suggests the importance of
the gut-lung axis in respiratory health, as evidenced by a
number of studies linking the consumption of pre-, pro-, and
synbiotics with beneficial effects in respiratory conditions,
such as asthma (1, 2) and chronic obstructive pulmonary
disease (3). However, these effects may not be limited to
chronic disease and may play a protective role in infectious
disease episodes, such as respiratory tract infections (RTIs).
Previous systematic reviews have reported evidence for a
protective effect of probiotic therapy on the prevention of
ventilator-associated pneumonia (4) and upper respiratory

protective effects of both pre- and synbiotic interventions on
RTT prevalence, duration, and symptom severity in human
subjects of various ages (6-13).

A prebiotic is defined as a “selectively fermented ingre-
dient that allows specific changes, both in the composi-
tion and/or activity in the gastrointestinal microflora that
confers benefits upon host well-being and health” (14).
Food ingredients are classed as prebiotics if they satisfy
specific criteria, including resistance to digestion and the
ability to undergo fermentation by colonic bacteria, leading
to the growth of “health-promoting” bacteria. Prebiotics
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primarily consist of soluble fibers such as resistant starch,
pectin, gums and oligosaccharide carbohydrates, includ-
ing fructooligosaccharides (FOS), galactooligosaccharides
(GOS), xylooligosaccharides (XOS), and glucooligosaccha-
rides. Synbiotics are products which consist of a combination
of prebiotic carbohydrates with probiotic organisms, the
latter being defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit to
the host” (15).

Prebiotics and synbiotics are hypothesized to exert a
number of immunomodulatory effects through modification
of the microflora within the colon, as well as direct and indi-
rect effects on the intestinal epithelium and innate immune
cells [e.g., dendritic cells (DCs), monocytes/macrophages,
neutrophils, NK cells] (16). Indirect effects are carried
out through the elimination of pathogenic bacteria and
via postbiotic products, such as SCFAs. These SCFAs
exert their effects primarily through the activation of free
fatty acid receptors (FFARs) and the inhibition of histone
deacetylase (HDAC) enzymes. In humans, pre- and synbiotic
supplementation has been reported to increase NK cell
cytotoxicity (17-20). Further, evidence from animal models
suggests pre- and synbiotic supplementation modulates DC
maturation (21), macrophage phenotype (22, 23), regulatory
T cell (Treg) expansion (24), and a number of neutrophil
functions (25, 26).

Prebiotic- and synbiotic-induced changes in immune
function, particularly the activity of specific immune cell
subsets, could improve responses to pathogens during
infection. Oral supplementation of humans with pre- and
synbiotics have reported increased NK cell activity (17, 18,
20), reduced CD16/56 expression on natural killer T (NKT)
cells (27), and increased toll-like receptor (TLR) 2 and 4
on myeloid dendritic cells (mDCs) (28). Human NK cells
are identified using CD markers present on the cell surface,
and are defined as CD56+ lymphocytes negative for other
markers specific to different classes of lymphocytes (e.g.,
CD3 on T cells, CD14 on monocytes, CD19 on B cells)
(29). These cells are an important component of the innate
immune system, responsible for nonspecific antiviral and
antitumor activity. NKT cells are a class of T cells which
express a highly conserved o T-cell receptor and play a
regulatory role on lymphocytes via releasing large amounts
of cytokines (30). The nature of the antigen-presenting cell
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(APC) determines the function of NKT cells. For example,
IL-12 release from DCs during antigen presentation induces
NKT cells to produce IFN-y, which leads to a type 1 T
helper (Ty1) response via the activation and expansion of NK
cells, neutrophils, and CD4+ Tyl or CD8+ T cells. TLR2
and TLR4 are activated by a number of different microbial
factors, and are important in recognition of a wide array
of pathogens. Changes to TLR expression on DCs could be
associated with an increased capacity to recognize pathogen-
associated molecular patterns.

To our knowledge, no systematic review has summarized
the evidence for the effects of prebiotic, synbiotic, or SCFA
intervention for the prevention of RTIs and on markers of
immune function. Therefore, the objective of this systematic
review was to synthesize the available evidence to determine
the effects of prebiotics, synbiotics, and SCFAs on RTIs
and immune function in humans. Hence, this systematic
review aimed to answer the following question: does oral
supplementation with prebiotics or synbiotics affect the
incidence, duration, and severity of RTIs or markers of
immune function (e.g., NK cell activity, peripheral immune
cell populations)? Secondary aims were to establish what
intervention dose and duration are required for protective ef-
fects against RTTs and modification of immune cell functions.

Methods

Protocol registration

The protocol for this systematic review was registered with
PROSPERO (National Institute for Health Research, Univer-
sity of York, UK), accessed online at https://www.crd.york.ac.
uk/prospero (CRD42019118786). The review was performed
according to a prospective protocol using Preferred Report-
ing Items for Systematic reviews and Meta-Analyses.

Search strategy

The electronic databases Embase, CINAHL (Cumulative
Index to Nursing and Allied Health Literature), Cochrane
Library, and Medline were searched for English-language
articles from 1947 to 4 December 2018 with the use of pre-
determined keywords and Medical Subject Heading (MeSH)
terms of the National Library of Medicine (Supplemental
Table 1). Additional hand searching of recently published
review articles was conducted. The search strategy was
repeated in December 2019 and May 2021 to identify
additional relevant articles published after the initial search
was conducted.

Inclusion and exclusion criteria

Included articles were primary research studies that delivered
a prebiotic or synbiotic supplement with or without other
interventions to human participants of any age, or studies
which treated human cells ex vivo with SCFA. Research
studies with the following designs were included: random-
ized controlled trials (RCTs), non-randomized controlled
trials (NRCTs), before-and-after studies, and prospective
cohort studies. Included studies were categorized by the type
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of intervention to assess the evidence regarding prebiotics
and synbiotics. The exclusion criteria were studies using
prebiotics as an adjuvant for influenza vaccination, probiotic-
only interventions, interventions administering a prebiotic
or synbiotic to mothers without supplementing the infant,
participants in critical care settings, and studies which
focused on immune changes within the gastrointestinal
tract.

Data collection

Following the search strategy, studies were evaluated for
relevancy using Covidence systematic review software (Ver-
itas Health Innovation; www.covidence.org). The number
of records acquired from each database were noted, with
duplicate studies noted and removed. Two reviewers used
the inclusion and exclusion criteria to assess the retrieved
studies using titles only (LMW and ILS). Studies considered
irrelevant were noted, with the reason, then removed. The
remaining studies were assessed on the abstract, keywords,
and MeSH terms using the inclusion and exclusion criteria
outlined above. Irrelevant articles were noted, with the
reason, then removed. The full texts of remaining articles,
including articles with unclear relevancy, were retrieved
and assessed for relevancy according to the inclusion and
exclusion criteria by 2 reviewers (LMW and ILS). If there
was any disagreement between the 2 reviewers regarding the
relevancy of an article, a third independent reviewer decided
the outcome (LGW).

The remaining studies were assessed for quality by 2
reviewers (LMW and ILS) using a standardized critical
appraisal checklist designed by the American Dietetic Asso-
ciation (ADA) (31). This tool assessed the methodological
quality and risk of bias of each study by evaluating their
reliability, validity, and generalizability, giving studies a rating
of positive, neutral, or negative quality. The tool evaluates
each study based on the appropriateness of the study design
and the quality of how the study was conducted using
10 validity questions that address scientific soundness.
Studies received a negative quality rating if 6 or more
of the validity criteria questions were not satisfied. These
negative-quality studies were excluded from the review. The
evidence level for each article was defined according to the
National Health and Medical Research Council (NHMRC)
of Australia levels of evidence hierarchy (32).

After the elimination of duplicate, irrelevant, and
negative-quality articles, the following data were extracted:
author, publication year, country, baseline characteristics
(age, gender, and sample size), type of intervention (prebiotic
or synbiotic composition, placebo composition, and
intervention duration), and outcomes of interest, which
were the incidence of RTIs, duration of RTIs, NK cell
activity, and peripheral blood immune cell populations.
Studies were reported qualitatively in a table format, with
columns for study design/level of evidence; quality, as
determined by the ADA checklist; participant characteristics,
including age and sample size; details of the intervention;
details of the control; and the effects of the intervention on

outcomes of interest. WebPlotDigitizer (version 4.4; https:
/lapps.automeris.io/wpd/) was used to extract data from
published figures. For further analysis, all the feasible data
were entered into Review Manager (RevMan, Version 5.3;
The Nordic Cochrane Centre, The Cochrane Collaboration,
2014). The primary manuscripts included are available in
PubMed. Data extraction tables and analyses performed
can be obtained by sending an email to the corresponding
author.

Meta-analysis

The meta-analysis was performed using Review Manager
(RevMan, version 5.3; Nordic Cochrane Centre). Hetero-
geneity was investigated using the x? test (P values < 0.1
were considered to indicate significant heterogeneity) and I*
parameter [with 30%-60% indicating moderate heterogene-
ity, 50%-90% indicating substantial heterogeneity, and 75%-
100% indicating considerable heterogeneity (33)]. When
considerable heterogeneity was identified, subgroup analyses
were conducted to investigate potential contributing factors.
When studies were considered heterogeneous regarding the
type and dosage of the prebiotic or synbiotic, the treatment
duration, and/or the study population, random-effects meta-
analysis models were applied. Otherwise, fixed-effects meta-
analysis models were used. The inverse-variance statistical
method was used, with OR (effect size) or standardized mean
difference (SMD; effect size) and corresponding 95% Cls
calculated. The Cochrane Handbook for Systematic Reviews
of Interventions was used to determine whether it was
appropriate to include data from crossover studies in the
meta-analyses, based on the ability to rule out significant
carry-over effects (33). If there were insufficient data in a
publication or data were in the incorrect format, the cor-
responding authors were contacted for further information.
Following this, if data were still unavailable, articles were
excluded from the meta-analysis. In the event the SD was
not reported in a publication, it was calculated using the
SE or 95% CI values. If the OR was not reported, this was
calculated from the number of participants with >1 event in
each group and the total number of subjects per group. If a
study reported on incidences for URTIs and lower respiratory
tract infections (LRTIs) separately, we combined outcomes
as described in Borenstein’s “Introduction to Meta-Analysis:
Complex Data Structures” (34), using a correlation coefhi-
cient of r = 1. This correlation coefficient was used because
it is the most conservative approach, given it underestimates
precision and overestimates variance. Publication bias was
examined using a visual assessment of asymmetry in the
funnel plot. For meta-analyses with >10 studies included,
Egger’s Test (35) for publication bias was also performed
using STATA15 (StataCorp).

Results

Study selection
The search identified 8024 articles, and 217 duplicate articles
were excluded (Figure 1). The remaining 7807 articles were
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review of the effect of prebiotic and synbiotic supplementation on respiratory tract infections and immune function.

reviewed for relevancy via the title, of which 909 (~10%)
were retrieved for abstract evaluation (Figure 1). Abstracts
from 298 articles met the inclusion criteria, of which full
texts were retrieved for further review. Full texts from
59 articles met the inclusion criteria and were assessed
for methodological quality. One article received a negative
quality rating according to the ADA checklist, which was
excluded (36). Data extraction was completed on 58 articles.

Study characteristics

Of the 58 studies included, 37 evaluated the effects of
prebiotic or synbiotic interventions on RTIs, 7 reported the
effects on NK cell activity, and 21 examined the peripheral
blood immunophenotype (Figure 1). The publication year
ranged from 2003 to 2021. There were 33 studies (57%) from
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Europe (6, 11-13, 20, 27, 37-64); 10 (17%) from Asia (9,
10, 65-72); 8 (14%) from North America (7, 8, 17, 18, 28,
50, 73, 74); 3 (5%) from South America (19, 75, 76); 1 (2%)
from Australia (77); 1 (2%) from Africa (78); and 2 (3%)
that included participants from multiple continents (79, 80).
There were 19 studies (33%) conducted in infants, 13 (22%)
in children, 19 (33%) in adults, and 7 (12%) in older adults
(aged > 60 y). There were 34 (59%) studies that used a
prebiotic only (6-9, 17, 18, 28, 37, 38, 43, 46,47, 50, 51, 54-58,
61, 63, 65, 66, 69-72, 74-80), 22 (38%) that used a synbiotic
only (10-13, 19, 20, 39-42, 44, 45, 48, 49, 52, 53, 59, 60, 64,
67, 68, 73), 1 (2%) that had both pre- and synbiotic arms
(27), and 1 (2%) that used an SCFA (62). The intervention
period ranged from 5 d to 12 mo (median, 9 wk). There were
54 (93%) RCTs, 2 (3%) NRCTs, 1 (2%) retrospective cohort
study, and 1 (2%) case-control trial.



Effects of prebiotic supplementation on RTIs

There were 23 studies that examined the effects of prebiotic
supplementation on RTIs (6-9, 27, 37, 38, 46, 50, 51, 54,
56, 58, 61, 65, 69-72, 75, 76, 78, 80). The characteristics of
these studies are presented in Table 1, of which 8 (~35%)
reported a reduction in the number of subjects experiencing
>1 episode of at least 1 type of RTI or number of RTI
episodes (6, 9, 37, 69, 72, 76, 78, 80). No studies reported an
increase in the number of RTT episodes or number of subjects
experiencing >1 episode of RTI. Four studies investigated
the effect of prebiotic supplementation on the duration of
RTIs (7-9, 71), of which 3 (75%) reported a reduction in
the duration of RTIs following prebiotic supplementation
compared to controls. One study reported an increase in the
RTT duration in children receiving formula supplemented
with 300 mg 2'fucosyl lactose per 100 mL (71). Of the 23
studies, 18 (78%) supplemented with an oligosaccharide,
while interventions in the remaining 5 studies included rice
bran exo-polymer (65), inulin (46), resistant maltodextrin
(70), partially hydrolyzed guar gum (72), or an unspecified
soluble fiber (76). The majority (n = 11; 48%) of studies were
conducted in infants (6, 37, 38, 50, 51, 54, 56, 58, 61, 69,
78), 6 (26%) were performed in children (9, 46, 71, 75, 76,
80), and 4 (26%) were in adults (7, 8, 27, 65, 70, 72). The
intervention period ranged from 3 wk to 12 mo (median,
6 mo). Out of 19 studies, 11 (48%) reported RTT cases with
a doctor diagnosis, 9 (39%) studies used self- or parent-
reported symptoms, and 3 (13%) studies used an investigator
diagnosis.

The meta-analysis indicates that prebiotic supplementa-
tion significantly decreased the odds of a subject experi-
encing >1 RTI episode compared to the placebo/control
group (OR, 0.73; 95% CI: 0.62-0.86; P = 0.0002; P =17%;
n = 17; Figure 2). A subgroup analysis by RTI type indicated
no difference between studies reporting on URTI and LRTI
outcomes separately (x*= 0.16; P = 0.69; > = 0%; n = 14;
Supplemental Figure 1). Egger’s test was not significant
(P = 0.632) for publication bias, suggesting no small study
effects. In this meta-analysis, 6 studies were not included due
to incidence data being reported in a different format (i.e.,
total RTT episodes, episodes per infant) (37, 69, 72), incidence
data not being reported (i.e., study reported RTI duration
only) (7), or being inappropriate for a meta-analysis (27,
72). Out of 6 of these studies, 4 (67%) reported a protective
effect of prebiotic intervention on RTT episodes. The other 2
studies either reported no effect (27) or did not report on the
incidence at all (7).

Effects of synbiotic supplementation on RTls

Characteristics of the 15 synbiotic studies assessing RTIs
are presented in Table 2 (10-12, 27, 39-41, 44, 45, 48).
Five studies reported on the total number of RTT episodes
during the intervention period (10, 13, 39-41), of which 2
studies reported a reduction in the total number of episodes
following synbiotic supplementation compared to controls
(10, 13). Ten studies reported on the number of subjects
experiencing >1 episode of at least 1 type of RTT (11, 12,

27, 40, 44, 45, 48, 53, 67, 68), of which 3 studies reported
a reduction in RTIs following synbiotic supplementation
compared to controls (48, 67, 68). Three studies reported on
the duration of RTIs (11, 13, 73), of which 2 (67%) reported
a reduction in the RTT duration (11, 13). One study, which
included 3 individual trials, found synbiotic supplementation
reduced symptom severity during URTIs (13).

Twelve (80%) studies used an oligosaccharide prebiotic
component (10-13, 27, 39, 44, 45, 48, 53, 67, 68), while
the remaining 3 studies used a polysaccharide prebiotic
component (40, 41, 73). Out of 15 studies, 11 (73%)
used Bifidobacterium strains in the probiotic component,
with Bifidobacterium lactis being the most commonly used
probiotic strain (n = 6; 55%). Out of 15 studies, 10 (67%) used
Lactobacillus probiotic strains, with Lactobacillus rhamnosus
the most commonly used probiotic strain (n = 7; 70%). The
majority of studies were conducted in infants (12, 40, 48, 53,
67) (n = 5; 33%) and children (10, 11, 39, 44, 45, 68, 73)
(n = 7; 47%), with only 3 (20%) studies conducted in adults
(13, 27, 41). The intervention period ranged from 2 wk to
12 mo (median, 8 wk).

The meta-analysis showed synbiotic supplementation
significantly decreased the odds of a subject experiencing
>1 RTT episode compared to the placebo/control group
(OR, 0.75; 95% CI: 0.65-0.87; P = 0.0001; * = 39%;
n =9; Figure 3). A subgroup analysis by RTI type indicated
no difference between studies reporting on URTI and LRTI
outcomes separately (x?= 0.04; P = 0.84; I’ = 0%; n = 6;
Supplemental Figure 2). Egger’s test was not significant
(P = 0.328) for publication bias, suggesting no small study
effects. In this meta-analysis, 6 studies were not included
due to incidence data being reported in a different format
(10, 13, 39, 41), incidence data not being reported (73), or
being inappropriate for a meta-analysis (27). Two (~33%)
out of these studies reported a protective effect of synbiotic
supplementation on RTIs (10, 13).

Effects of prebiotic supplementation on NK cell activity
Characteristics of the 4 prebiotic studies which examined
NK cell activity are presented in Table 3 (17, 18, 47, 65).
Two (50%) studies reported an increase in NK cell activity
at >1 effector-to-target cell [E/T; ratio of effector (NK cells)
to target (K562) cells] ratio (17, 18). The remaining 2 studies
reported no change in NK cell activity at any E/T ratio in
the intervention group (Table 3) (47, 65). Out of 4 studies, 2
used an oligosaccharide supplement (17, 18), both of which
reported an increase in NK cell activity. The remaining 2
studies used a polysaccharide prebiotic intervention (47, 65).
All studies were conducted in adults, with 50% of studies
being conducted in older adults (aged >60 y) (17, 18). The
intervention period ranged from 4 to 10 wk (median, 9 wk).
Due to the availability of data, we could not perform a meta-
analysis for this outcome.

Effects of synbiotic supplementation on NK cell activity

Characteristics of the 3 synbiotic studies that examined
NK cell activity are presented in Table 4 (19, 20, 42).
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Prebiotic Control Odds Ratio 0Odds Ratio
Study or Subgroup log[Odds Ratio] SE Total  Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Arslanoglu et al. 2007 (37) -1.7159  0.6491 102 104 1.7% 0.18[0.05,0.64]
Bruzzese et al. 2009 (38) 0.39895 0.456682 94 109  3.5% 1.49[0.61,3.69) =fe—=
Chatchatee et al 2014 (80) -0.3933 01704 388 379 25.2% 0.67[0.48,0.94)] -
Choi et al. 2014 (65) -0.087 0.747 40 37  1.3% 0.92[0.21,3.96) —_—r
Kitagawa et al. 2020 (70) 0 05055 69 69  2.9% 1.00(0.37,2.69] R
Langkamp-Henken et al. 2004 (8) -1.3669  1.2121 16 18 05% 0.25(0.02,2.74] —
Leung etal. 2020 (71) 0 03157 114 114 7.4% 1.00[0.54,1.86) T
Lietal. 2014 (9) -0.4141 0.2287 156 154 14.0% 0.66[0.42,1.03] ~=
Lohner et al. 2018 (46) -0.1807 0.342473 110 109  6.2% 0.83[0.43,1.63) -
Moore et al. 2003 (50) 01252  0.5405 27 29 25% 1.13[0.39,3.27) A
Niele etal. 2013 (51) 0.19235 0.476805 48 44 3.2% 1.21[0.48,3.09] -1
Paganini et al. 2017 (78) -0.954  0.6395 48 43  1.8% 0.39[0.11,1.39) T
Pontes etal. 2016 (75) -0.0583  0.3153 125 131 7.4% 0.94(0.51,1.79) -
Puccio et al. 2017 (54) -0.7876  0.3518 88 87 59% 0.45[0.23,0.91) =
Ranucci et al. 2018 (56) -0.6289  0.2772 118 104 9.5% 0.53[0.31,0.92) =
Sierra et al. 2015 (58) 0.0556  0.3334 132 132 6.6% 1.06[0.55,2.03] -1
Westerbeek et al. 2010 (61) -2.3312 15717 43 51  0.3% 0.10[0.00,2.12) —
Total (95% Cl) 1718 1720 100.0% 0.73[0.62, 0.86] ¢
Heterogeneity: Chi*=19.31, df= 16 (P = 0.25); F=17% :0.001 + 130 1000:

Test for overall effect: Z= 3.67 (P = 0.0002)

0.1
Favors [prebiotic] Favors [control)

FIGURE 2 Forest plot of clinical studies examining the effect of prebiotic intervention on the incidence of respiratory tract infections in
participants of all ages. Individual study effect estimates (red boxes) and the pooled effect estimate (diamond) are shown. Values are ORs
with 95% Cls determined using generic inverse-variance fixed-effects models. Heterogeneity was quantified by £ at a significance of P

< 0.10. Abbreviation: IV, inverse variance.

Out of 3 studies, 2 (67%) reported an increase in NK cell
activity at >1 E/T ratio (19, 20). One study reported no
change in NK cell activity at any E/T in the intervention
group (42), while 1 study reported no change in NK cell
activity in the younger cohort (20). Out of 3 studies, 2
used an oligosaccharide supplement (19, 20), both of which
reported an increase in NK cell activity following synbiotic
supplementation compared to controls. The remaining study
used a polysaccharide prebiotic (42). Out of 3 studies, 2
(67%) used a Lactobacillus strain as a probiotic component
of the intervention (19, 42), while the remaining study used
a Bifidobacterium probiotic strain (20). All studies were
conducted in adults, with intervention periods ranging from
3 to 16 wk (median, 4 wk). The meta-analysis showed
synbiotic supplementation significantly increased NK cell

Synbiotic Control

activity compared to the control/placebo group (SMD,
0.74; 95% CI: 0.42-1.06; P < 0.0001; P = 46%; n = 3;
Figure 4). A subgroup analysis suggests differences between
studies measuring NK cell activity at different E/T ratios
(Figure 4; P = 0.05).

Effects of prebiotic supplementation on peripheral
immune cell populations

Characteristics of the 13 studies examining the effects of a
prebiotic intervention on immune cell populations in whole
blood are described in Table 5 (9, 27, 28, 43,47, 55, 57, 63, 66,
74,75, 77,79), of which 10 studies (77%) reported a change
in >1 immune cell population. Out of the 13 studies, 6 (46%)
used an oligosaccharide intervention (9, 27, 43, 55, 75, 79),
6 used a polysaccharide supplement (28, 47, 57, 63, 66, 74),

Odds Ratio Odds Ratio

Study or Subgroup log[Odds Ratio] SE Total Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Cohen et al. 2013 (40) 0 0.2958 112 112  6.4% 1.00(0.56,1.79] -
Foxetal. 2019 (44) -0.8138 0.4889 35 35 2.3% 0.44[0.17,1.16) —
Gerasimov et al. 2010 (45) 0.04575 0.598453 43 47  1.6% 1.05[0.32,3.39)] I
Gerasimov et al. 2016 (11) -0.3598 0.2745 113 112 7.5% 0.70[0.41,1.20] T
Kukkonen etal. 2008 (12) -0.0833 01417 446 456 28.0% 0.82[0.70,1.21] -

Luoto etal. 2014 {(48) -2.0513 0.6947 23 24 1.2% 0.13[0.03,0.50]

Panigrahi et al. 2017 (67) -0.4344 0.1378 2278 2278 29.6% 0.65[0.49,0.85) -

Picaud etal. 2010 (53) -0.1078 0.237917 419 347 9.9% 0.90([0.56,1.43] T
Sazawal et al. 2010 (68) -0.4166 0.2032 312 312 13.6% 0.66[0.44,0.98] —

Total (95% CI) 3781 3723 100.0% 0.75[0.65,0.87] +
Heterogeneity: Chi*=13.12, df=8 (P=0.11), F= 39% =0.01 0i1 150 100‘

Test for overall effect: Z= 3.85 (P=0.0001)

Favors [synbiotic] Favors [control]

FIGURE 3 Forest plot of clinical studies examining the effect of synbiotic intervention on the incidence of respiratory tract infections in
participants of all ages. Individual study effect estimates (red boxes) and the pooled effect estimate (diamond) are shown. Values are ORs
with 95% Cls determined using generic inverse-variance fixed-effects models. Heterogeneity was quantified by £ at a significance of P

< 0.10. Abbreviation: IV, inverse variance.
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TABLE 3 Effect of prebiotic supplementation on NK cell activity in participants of all ages’

Effect of prebiotic

supplementation

Intervention, daily

Design/Level

Duration on NK cell activity

Control, daily dose

dose

Participants, age, n

Quality?

of evidence

Author, Year (Country)

< NK cell activity?

8 wk

Corn starch capsule,

RBEP capsule, 18 g

Healthy individuals with WBC

RCT/II

Choietal, 2014 (Japan) (65)

189

4000-8000 cells/uL, 25-70,

n=77
Adults in good general health,

< NK cell activity®

MDX powder, 8 g 4 wk*

Inulin powder, 8 g

RCT/NI

Lomax et al,, 2012 (UK) (47)

45-65y,n =49
Elderly free-living subjects,

+ NK cell

10 wk/arm
4wk w/o

MDX powder, 5.5 g

B-GOS powder, 5.5 g

RCT/II, x-over

Vulevic et al., 2008 (USA) (17)

activity 678
1 NK cell activity®®

64-79y,n=40
Elderly volunteers, 65-80'y,

10 wk/arm
4 wk w/o

MDX powder, 5.5 g

B-GOS powder, 5.5 g

RCT/II, x-over

Vulevic et al, 2015 (USA) (18)

n=41

! Abbreviations: B-GOS, bimuno-galactooligosaccharide; LDH, lactate dehydrogenase; MDX, maltodextrin; PBMC, peripheral blood mononuclear cells; RBEP, rice bran exo-polymer; RCT, randomized controlled trial; WBC, white blood cell count; w/o,

washout; x-over, crossover; @, neutral study quality; +, positive study quality; 4 indicates increase; <> indicates no change.
2Methodological study quality was determined using the American Dietetic Association critical appraisal checklist.

3Percentage lysis was determined by LDH release following PBMC-mediated lysis of K562 target cells.

“The intervention duration was 8 wk but only data from the first 4 wk were reported.

®Percentage lysis was determined via flow cytometry following PBMC-mediated lysis of K562 target cells.

©For 100:1 and 50:1 effector-to-target cell ratios only.

’Change within group compared to baseline values.

8A difference in post-intervention measurements between groups.

and 1 (8%) included multiple soluble fiber types in a dietary
strategy (77). Of the 13 studies, 8 (62%) were conducted in
adults (27, 28, 43,47,57,63,66,77), 3 (23%) in children (9, 74,
75), and 2 (15%) in infants (55, 79). The intervention period
ranged from 5 d to 28 wk (median, 6 mo).

Adaptive immune cell subsets.

Four studies (31%) reported on the total white blood cell
count, of which 1 study showed an increase in the leukocyte
count following 28 wk of polydextrose and GOS supplemen-
tation compared to controls (9). Seven studies reported on
the effects of prebiotics on the proportion of helper T cells,
determined using CD3" and CD4*" markers (27, 28, 47, 55,
63, 66, 77). None of these studies reported a change in the
helper T cell proportion following prebiotic supplementa-
tion. Six studies reported on changes to the cytotoxic T cell
population, determined using CD3*" and CD8" markers (27,
28, 47, 55, 63, 66). Out of 6 studies, 2 reported an increase
in the population of cytotoxic T cells following prebiotic
supplementation (47, 66), both of which were conducted
in adults with a polysaccharide prebiotic intervention. The
remaining 3 studies reported no change in the proportion of
cytotoxic T cells. Five studies reported on the population of
Tregs following prebiotic supplementation, determined using
CD4*, CD25%, and Foxp3™ or CD127°"~ markers (47, 55,
63, 77, 79). Out of 5 studies, 1 (20%) showed an increase
in the proportion of Tregs in term infants with a parental
history of atopy after 6 mo of consuming an oligosaccharide
supplement (79). The other 4 studies reported no change in
the proportion of Tregs following prebiotic supplementation
compared to controls. One study reported an increase in the
proportion of activated T cells, identified using CD3+ and
human leukocyte antigen-DR positive (HLA-DR+) markers,
following 5 wk of supplementation with prebiotic bread
in adult males (57). Another study reported a decrease
in the expression of CD16/56 on NKT cells compared to
baseline following 8 g/d of XOS supplementation for 3 wk,
despite no change in the proportion of NKT cells (27). Four
studies reported on the effects of prebiotic supplementation
on the B cell population, determined using CD3~ and
CD19" markers (27, 28, 47, 55), none of which reported
a change in the proportion of B cells following a prebiotic
intervention.

Innate immune cell subsets.

Five studies examined the effects of prebiotic supplementa-
tion on changes in the NK cell population, determined using
CD37, CD16™", and CD56™ markers (27, 28, 47, 55, 57). One
study reported a decrease in the NK cell count following
5 wk of inulin and soy fiber supplementation compared to
baseline (57), but not compared to controls. However, the
other 4 studies that reported on the proportion of NK cells
found no change following prebiotic supplementation. Five
studies reported on the effects of prebiotic supplementation
on the peripheral monocyte population, determined using
CD14" markers (28, 43, 47, 66, 74). Out of 5 studies, 3
(60%) reported a decrease in either the monocyte count
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
2.2.1 10:1 Effector-to-Target Cell Ratio
Bunout et al. 2004 (19) 36.2 181 30 184 10.7 30 33.6% 1.18[0.63,1.73) ——
Subtotal (95% Cl) 30 30 33.6% 1.18[0.63, 1.73] -
Heterogeneity: Not applicable
Test for overall effect: Z= 4.20 (P < 0.0001)
2.2.2 100:1 Effector-to-Target Cell Ratio
Przemska-Kosicka etal. 2018 (20) 25.32 5.0912 32 2269 51325 21 326% 0.51 [-0.05,1.07) T
Przemska-Kosicka etal. 2018 (20) 31.79 6.925 25 28.34 5.9529 28 33.8% 0.53 [-0.02,1.08) — =
Subtotal (95% ClI) 57 49 66.4% 0.52[0.13, 0.91] <[
Heterogeneity: Chi*= 0.00, df=1 (P = 0.96); I*= 0%
Test for overall effect: Z= 2.59 (P = 0.010)
Total (95% CI) 87 79 100.0% 0.74 [0.42, 1.06] <>
Heterogeneity: Chi*= 3.70, df= 2 (P= 0.16); = 46% *2 T 3 T ;

Test for overall effect: Z= 4.55 (P < 0.00001)
Test for subaroup differences: Chi*= 3.70, df=1 (P = 0.05), F=72.9%

Favors [control] Favors [synbiotic]

FIGURE 4 Forest plot of clinical studies examining the effect of synbiotic supplementation on NK cell activity in participants of all ages.
Individual study effect estimates (red boxes) and the pooled effect estimate (diamond) are shown. Values are standardized mean
differences with 95% Cls determined using generic inverse-variance fixed-effects models. Heterogeneity was quantified by F at a
significance of P < 0.10. The first entry in this meta-analysis for Przemska-Kosicka et al. (20) is the younger cohort (18-35 y), with the
second entry including subjects of the older cohort (60-85 y). Abbreviation: IV, inverse variance.

or monocyte percentage following prebiotic intervention
compared to controls (43, 66, 74). The remaining 2 studies
found no change in the monocyte population following
prebiotic supplementation. One study reported increases in
TLR2+ and TLR4+ on mDCs following 4 wk of supple-
mentation with 15 g/d inulin (28). Three studies examined
the effects of prebiotic supplementation on the peripheral
neutrophil population (9, 66, 75), all of which reported no
change following prebiotic supplementation.

The effect of prebiotic supplementation compared to a
control/placebo on peripheral blood immune cell subsets
was investigated via meta-analyses. Results from these
meta-analyses indicate prebiotic supplementation did not
significantly change the proportion of any cell population
(Supplemental Figures 3-5).

Effects of synbiotic supplementation on peripheral
immune cell populations

Characteristics of the 8 studies examining the effects of
prebiotic interventions on immune cell populations in
whole blood are described in Table 6 (19, 27, 45, 49,
52, 59, 60, 64), and 4 (50%) of the studies reported a
change in >1 immune cell population (19, 45, 52, 64).
Out of 8 studies, 7 (88%) used an oligosaccharide as the
prebiotic component of the synbiotic. However, the dosage
varied considerably, from 50 mg to 16 g (median, 7 g).
The remaining study used arabinogalactan as the prebiotic
component. Studies primarily used Bifidobacteria (n = 4;
50%) and Lactobacillus (n = 6; 75%) strains as the probiotic
components of supplements. Of the 8 studies, 6 (75%)
were conducted in adults (19, 27, 49, 52, 59, 64) and the
remaining 2 were performed in infants and children (45, 60).
The intervention period ranged from 3 to 16 wk (median,
5 wk).

Adaptive immune cell subsets.

Five studies reported on changes in the helper T cell
population, determined using CD4" and CD8" markers
(19, 27, 45, 52, 60). One study reported an increase in
the proportion of helper T cells following 6 wk of synbi-
otic supplementation in healthy adults (52), while another
showed a decrease in the percentage of helper T cells
following 2 wk of synbiotic supplementation in children
(45). Four studies reported on changes in the cytotoxic T
cell population, determined using CD3" and CD8" markers
(19, 27, 45, 52). One study reported an increase in the
proportion of cytotoxic T cells following 2 wk of synbiotic
supplementation compared to placebo (45). The remaining 3
studies reported no change in the population of cytotoxic T
cells. Two studies reported on changes to the population of
Tregs following synbiotic supplementation (59, 60), neither
of which reported a significant change in the proportion of
Tregs following intervention. One study reported an increase
in the proportion of T cells with NK activity compared
to controls following 16 wk of supplementation with 10°
CFU/d of Lactobacillus paracasei and 6 g/d of FOS in older
adults (19). Results from the meta-analyses indicate synbiotic
supplementation did not significantly change the proportions
of the helper T cell populations (Supplementary Figure 6).
However, a meta-analysis indicated the proportion of cyto-
toxic T cells increased following synbiotic supplementation
compared to control/placebo (mean difference, 4.85; 95% CI:
2.27-7.43; P = 0.0002; I* = 57%; n = 3; Supplementary
Figure 7).

Innate immune cell subsets.

Three studies reported on changes in the NK cell population,
determined using CD3~, CD16%, and CD56" markers (27,
52, 64). None of the studies reported a change in the
percentage of NK cells following synbiotic supplementation.
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However, 1 study reported an increase in the proportion
of activated (HLA-DR+) NK cells compared to baseline
following 3 wk of supplementation in healthy subjects (64).

Effects of SCFA supplementation on peripheral immune
cell populations

Characteristics of the 1 study using an oral SCFA intervention
are reported in Table 7 (62). This study reported no changes
in immune cell populations following a 4-wk intervention
with 4 g/d of oral sodium butyrate capsules.

Discussion

This systematic review and meta-analysis aimed to inves-
tigate the effects of prebiotic, synbiotic, and SCFA sup-
plementation on the incidences of RTIs and markers of
immune function (including innate immune cell activity and
peripheral immune cell populations). We found that ~45% of
studies (n = 4 in infants, n = 3 in children, n = 3 in adults)
reported a protective effect of prebiotic supplementation on
the incidence and/or duration of RTTs. The remaining studies
(n = 7 in infants, n = 3 in children, n = 3 in adults) did
not show any effect of prebiotic supplementation on the
incidence and/or duration of RTIs. Out of 23 studies, 17
(~75%) were included in meta-analysis examining the effects
of prebiotic supplementation on RTIs, indicating prebiotic
supplementation reduced the odds of an RTI. Given the
majority of studies excluded from the meta-analyses showed
a protective effect of the prebiotic on RTIs, it is unlikely
the difference between qualitative and quantitative analyses
is due to the direction of outcomes between excluded and
included studies. We found 40% (n = 6) of synbiotic studies
reported a protective effect on the incidence, severity, and/or
duration of RTIs. The remaining studies (n = 9) did not
show any effect of synbiotic supplementation on RTIs. Out
of 15 studies, 9 (60%) were included in a meta-analysis that
indicated synbiotic supplementation reduced the odds of an
RTI. The proportions of studies included and excluded from
the meta-analysis reporting a protective effect were similar
(~33%; included, n = 3/9; excluded, n = 2/6). The effect of
oral SCFA supplementation on the prevention of RTIs was
unable to be determined, as no studies were identified to
evaluate this aim of the review.

The protective effects of pre- and synbiotic interventions
on RTIs observed in the meta-analysis, particularly in infants
and children, are consistent with evidence in the literature.
A recent systematic review examining the effect of probiotic
supplementation on RTIs in individuals attending childcare
reported a reduced risk in experiencing >1 RTI (5). Further-
more, evidence suggests that the consumption of pre-, pro-,
and synbiotics alters the microflora of formula-fed infants
to be similar to that of breastfed infants (81, 82), which
has been associated with a reduced risk of RTIs (83, 84).
While there appears to be a benefit for supplementation in
infants and children, there is insufficient evidence to establish
a clear effect in the adult population. This lack of evidence
may be due to the limited number of studies that have
investigated the effects of pre- and synbiotic interventions

on RTIs in this population. Furthermore, the current ev-
idence was not sufficient to suggest whether prebiotic or
synbiotic supplementation was more effective at protecting
against RTIs. It is hypothesized that the combination of
a probiotic with a prebiotic is more effective than use
of a prebiotic or probiotic alone, given synbiotics provide
both the “health-promoting” bacteria and the substrate for
fermentation (85). However, there is limited evidence from
clinical trials to support this theoretical view. Future research
should investigate whether prebiotic or synbiotic supple-
mentation is more effective at conferring protection against
RTIs.

The protective doses and durations of prebiotics and
synbiotics associated with prevention of RTIs are unclear,
and variable across age categories. Interestingly, both studies
by Arslanoglu et al. (6, 37) reported protective effects of
prebiotic supplementation on RTIs, using oligosaccharide
supplementation of infant formula at a dose of 8 g/L
for 6 mo. However, the reporting of dose, particularly in
infant studies, is unclear. Out of 11 studies in infants, 10
(~91%) used a prebiotic-supplemented formula or cereal
as the intervention, with only 4 (40%) of those 10 studies
providing adequate information to calculate the total daily
prebiotic intake. Hence, variability in formula intake across
different studies, in conjunction with different prebiotic
concentrations, potentially leads to differences in total daily
intakes of prebiotics, which cannot be accounted for using
published data. In the adult population, the intervention
durations were short in comparison to studies conducted
in infants and children. This may contribute to a lack of
evidence in our narrative synthesis supporting pre- and
synbiotic supplementation for the prevention of RTIs in this
population. Further, prebiotic and synbiotic studies in adults
used intervention periods of 3 wk to 6 mo and 3 wk to
90 d, respectively. It is unlikely these study periods are long
enough to see true differences in RTT incidences between
groups.

A number of mechanisms have been hypothesized that
may explain the protective effects of prebiotics and syn-
biotics, and the products of their microbial fermentation,
against RTIs. These include increased NK cell activity,
effector T cell differentiation, and Treg expansion (86). The
mechanisms by which prebiotics and synbiotics exert these
effects include postbiotic mechanisms, including HDAC
inhibition and FFAR activation by SCFAs, as well as a direct
interaction between prebiotics and carbohydrate receptors
(e.g., galectins, C-type lectin receptors, and mannose recep-
tors) that impacts immune cells (87). Meta-analyses from this
systematic review indicate that the cytotoxicity of ex vivo
NK cells was increased following both pre- and synbiotic
supplementation compared to controls. Interestingly, oral
probiotic supplementation in mice has been shown to be
protective against an influenza challenge, an effect associated
with increased NK cell activity in the lungs and spleen (88,
89). However, whether oral pre- or synbiotic supplementa-
tion in humans alters NK cell activity in the lungs has not yet
been investigated.
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There was limited evidence to suggest that pre- or
synbiotic supplementation altered peripheral blood im-
munophenotypes. This is similar to the outcome of a
recent systematic review that found no effect of probiotic
supplementation on circulating immune cells and inflam-
matory markers in healthy adults (90). However, qualitative
analysis of individual studies in this review suggests that
pre- and synbiotic supplementation may have effects on the
maturation and function of immune cells. Velikova et al.
(64) reported the proportion of activated NK cells increased
following 3 wk of synbiotic supplementation, despite no
change in the total number of NK cells. Childs et al. (27)
showed that 3 wk of supplementation with XOS reduced the
expression of CD16 and CD56 on NKT cells compared to
baseline (27). Given this study reported a decrease in type
2 inflammation, it suggests a drive towards a Tyl immune
response, which may be relevant in the context of the
elderly or excessive type 2 immunity, such as allergic asthma.
Similarly, Clarke et al. (28) reported that the expression of
TLR2/4 was increased on mDC following 4 wk of inulin
supplementation compared to placebo (28). Interestingly,
evidence from animal models has shown a protective effect
of increased TLR2 and TLR4 expression following probiotic
supplementation in the context of intestinal immunity (91).
However, there is a lack of evidence available to determine
whether changes in TLR expression on circulating APCs are
protective in human subjects or in the context of an infection
that originates outside of the gastrointestinal tract.

The strengths of this review include a wide-ranging lit-
erature search, well-defined inclusion and exclusion criteria,
prospective protocol registration, and comprehensive data
extraction methods and analyses. All studies were assessed
for methodological quality using a validated checklist (31),
with all negative-quality articles removed from analysis.
Furthermore, the majority of studies are categorized as level
II evidence according to the NHMRC evidence hierarchy
(32). Also, the majority of studies defined an RTI on the basis
of a doctor diagnosis. Despite a number of strengths, this
systematic review had some limitations. The scope of this
systematic review was wide, where the effects of interventions
were examined for multiple outcomes. However, the meta-
analyses of multiple outcomes could have contributed to
a type I error. The diet composition is an important
confounding element of these interventions, as many foods
contain both prebiotic (e.g., fruits, vegetables, cereals) and
probiotic (e.g., cheese, live yogurt, fermented food products)
components. Despite all studies excluding subjects who
were currently taking a prebiotic, probiotic, or synbiotic
supplement, only 22 out of 34 (65%) prebiotic studies and
9 out of 22 (41%) synbiotic studies reported, accounted for, or
controlled the background diet. Future research should per-
form appropriate dietary assessments (e.g., FFQ, 24-h food
recalls, 7-d food records, etc.) and account for this during
analyses. Included studies were variable in terms of the dose,
sample size, duration, and participant age. Limited evidence
is available for prebiotic and synbiotic supplementation in
both adults and children for the prevention of RTIs. Thus,

future research should investigate whether a protective effect
exists for these populations. Meta-analyses included fewer
studies compared to the qualitative data synthesis, due to a
lack of usable data. Hence, these analyses are subject to some
outcome reporting bias. For example, some studies reported
the number of RTI episodes without taking into considera-
tion subjects experiencing more than 1 episode during the
study period, while others only reported the RTI duration
and/or severity. Further, whether outcomes were reported
differently depending on the direction or significance of an
outcome (i.e., selective reporting bias) is unclear.

Future studies are required, including adequately powered
clinical trials with longer supplementation periods for studies
reporting on RTTs, particularly in the adult population. Di-
etary fiber intake should either be controlled for or assessed
and accounted for during analyses. Further, little research to
date has examined the effects of dose frequency on RTT or
immune-related outcomes. The immunomodulatory effects
of prebiotics and synbiotics are partially attributed to the
generation of postprandial SCFA. However, these are rapidly
metabolized, with peak circulating SCFA occurring at 4-
5 h following soluble fiber consumption (92, 93). Therefore,
future studies should examine whether maintaining elevated
circulating SCFAs via multiple doses per day is of greater
benefit compared to a single daily dose.

In conclusion, the findings of this systematic review
suggest that pre- and synbiotic supplementation may have
beneficial effects for the prevention of RTIs. However,
there was considerable variation in individual study results,
particularly across different age categories. Furthermore,
evidence indicates pre- and synbiotic supplementation in-
creases NK cell cytotoxicity, but does not induce changes
in immune cell populations. More research is needed to
confirm the effects of prebiotics and synbiotics on RTIs,
particularly in the adult population. There should also
be a focus on whether synbiotics are more effective than
prebiotics. Future research concerning the effects of prebiotic
and synbiotic supplementation should focus on changes in
activation markers of immune cells rather than just changes
in peripheral cell populations.
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