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Abstract: The use of probiotics among very low-birth-weight infants is constantly increasing,
as probiotics are believed to reduce the incidence of severe diseases such as necrotizing enterocolitis
and late-onset sepsis and to improve feeding tolerance. However, despite the enthusiasm towards
these products in neonatal medicine, theoretical knowledge and clinical applications still need to be
improved. The purpose of this review is to give an overview of the most important gaps in the current
literature about potential uses of probiotics in preterm infants, highlighting promising directions for
future research. Specifically, further well-designed studies should aim at clarifying the impact of
the type of feeding (mother’s milk, donor milk, and formula) on the relationship between probiotic
supplementation and clinical outcome. Moreover, future research is needed to provide solid evidence
about the potential greater efficacy of multi-strain probiotics compared to single-strain products.
Safety issues should also be addressed properly, by exploring the potential of paraprobiotics and
risks connected to antibiotic resistance in preterm infants. Last, in light of increasing commercial
and public interests, the long-term effect of routine consumption of probiotics in such a vulnerable
population should be also evaluated.
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1. Introduction

Despite continuous improvements in neonatal medicine, prematurity represents the leading cause
of both neonatal and childhood mortality through age five years worldwide [1]. Diseases such as
necrotizing enterocolitis (NEC) and late-onset sepsis (LOS) pose a serious threat for preterm infants,
and are included among the leading causes of morbidity and mortality in this population [2].

There is a growing body of literature directed towards the implementation of preventive measures
which could reduce the incidence and severity of these diseases, possibly leading to an improvement
in neonatal short- and long-term outcomes [3]. Among these interventions, probiotics appear to be
very promising; they have been recently described as living “a golden age” in neonatal medicine [4].

Despite such enthusiasm, it is still difficult to make precise recommendations on the use of
probiotics in preterm infants. Recent systematic reviews and meta-analyses of the literature have
suggested a beneficial role of probiotics for preventing NEC [5-7] and LOS [8,9], and for improving
feeding tolerance by shortening the time to achieve full enteral feeding (FEF) [10,11]; furthermore,
it has been suggested that probiotic administration might lead to a global improvement in neonatal
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health by reducing mortality rates and length of hospital stay [12-14]. However, most of the studies
included in these systematic reviews and meta-analyses have not properly addressed all of the potential
confounding factors which might interfere in shaping the relationship between probiotic administration
and clinical outcomes, thus failing to provide to the clinician a meaningful answer as to which probiotic
strain should be used, how long probiotic supplementation should be continued, and which group(s)
of infants would likely benefit from the intervention.

Despite concerns about the efficacy and, more importantly, the safety of available probiotic
products [15], a recent survey of US Neonatal Intensive Care Units (NICUs) participating to the Vermont
Oxford Network has shown that probiotic use among very low-birth-weight (VLBW) infants is increasing,
and that there is a wide variability in their indications and in the probiotic products themselves [16].

The purpose of this review is to give an overview of the most important gaps in the current
literature about potential uses of probiotics in preterm infants, highlighting promising directions for
future research.

2. Defining the Target: Gut Microbiota vs. Clinical Outcomes

In infants, as well as in children and adults, the rationale for using probiotics to treat or prevent
any disease relies on their potential ability to restore a healthy gut microbiota. Probiotic action in
the gut is mediated through several mechanisms, which include the up- and down-regulation of
genes involved in inflammation and cytoprotection, improvement of gut barrier function, production
of metabolites such as short-chain fatty acids which modulate the growth of pathogenic bacteria,
and competition with other microorganisms [17].

When talking about preterm infants, a clear definition of this probiotic target is challenging, as the
characterization of a healthy gut microbiota in these infants is not univocal, being influenced by several
factors such as place of birth, mode of delivery, feeding characteristics, antibiotic use, and NICU
environment [18]. In addition, despite a generally clear association between dysbiosis and disease,
the causality and reversal of disease in response to probiotic-induced changes in gut microbiota have
not yet been demonstrated [19]. For this reason, the target for probiotic intervention in preterm infants
at present cannot be exclusively microbiological (in other words, a gut microbiota with distinctive
“healthy” features), but still needs to be clinical.

Given this premise, a clear definition of clinical outcomes whose improvement might be related
to probiotic administration is fundamental. In most clinical trials, sample size calculation is based
on single pre-specified outcomes (i.e., mortality, NEC, LOS, feeding tolerance), but other outcomes,
for which these studies are probably underpowered, are often analyzed and their results are included
among relevant conclusions. This constitutes a limitation of these studies” conclusions, which hopefully
should be overcome in the future by calculating the sample size on multiple outcomes.

3. Exploring Feeding Contribution: Human Milk vs. Formula

Infant nutrition in early life has been recognized to play a key role in shaping future health [20].
Specifically, human milk (HM) is known to exert a series of beneficial effects for the infant,
including improved neurological, immunological, and metabolic outcomes [21]. In this respect,
exclusive HM-feeding appears to be even more important for preterm infants, especially for those
born with a VLBW [22]. The beneficial effects of HM are related to its peculiar nutritional and
functional components, such as long-chain polyunsaturated fatty acids, immunomodulatory proteins
(i.e., lactoferrin, immunoglobulin), and HM oligosaccharides (HMOs) [23]. Some of these HM
components have been also related to the decrease in NEC incidence and severity documented in
infants receiving exclusive HM [24]. The unique composition of HM possibly confers protection against
NEC through several mechanisms implicated in the pathogenesis of the disease, such as reduction in
gastric pH, improvement in intestinal motility, and decrease in epithelial permeability. In addition,
immunoglobulin A and lactoferrin, contained in HM, might modulate gut inflammation, and HMOs
are thought to prevent bacterial adhesion to the intestinal mucosa and exert a prebiotic action on
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gut microbiota [25]. Furthermore, it is well recognized that HM itself harbors a specific microbiota,
which contributes to drive the establishment of the infant gut bacterial community [26]. In this regard,
features of gut microbiota in breastfed vs. formula-fed infants are quite different: breastfed infants have
a higher abundance of Bifidobacterium spp., Staphylococcus spp., and Streptococcus spp., while Bacteroides
spp., Clostridium spp., Enterobacteriaceae, and Lachnospiraceae dominate in formula-fed infants [27].

A recent systematic review examined the effect of different enteral feeding strategies, including
feeding type and probiotic supplementation, on the establishment of gut microbiota in preterm
infants [28], with the aim of identifying feeding factors which would promote gut colonization with
beneficial bacteria. Both mother’s own milk (MOM) and probiotics were found to promote a healthy
gut microbiota, by increasing microbial diversity and promoting colonization with Bifidobacteria.

Since the effects of both HM and probiotics on gut microbiota and clinical outcomes such as
NEC and LOS have been advocated in so many clinical trials and literature reviews, it is quite
surprising that the two interventions have not been examined together. It is plausible that nutrition
and supplemental probiotics could act together in the preterm infant’s gut, leading to a differential
effect of exogenous bacteria depending on type of feeding. Despite the theoretical likeliness of this
hypothesis, type of feeding is rarely detailed or considered among confounding factors in trials
about probiotics. One might speculate that probiotics would act preferentially in formula-fed infants,
as they would counterbalance the negative effect of formula feeding on gut microbiota. However,
unexpectedly even for the authors themselves, one clinical trial reported that a combination of probiotic
strains (Lactobacillus acidophilus and Bifidobacterium bifidum) was effective on NEC only in VLBW infants
who were exclusively breastfed, but not in those receiving formula [29]. Similarly, two meta-analyses
of randomized controlled trials (RCTs) documented a reduction in the incidence of LOS and in the
time to achieve FEF only in HM-fed preterm infants [9,11]. More recently, the effect of probiotics
on NEC was found to be more pronounced in cohorts where higher proportions of neonates were
exclusively breastfed [30].

The available literature does not offer a clear justification for these findings: one hypothesis is
that VLBW infants exposed to formula might have a higher baseline risk for diseases such as NEC
and feeding intolerance, because intact bovine proteins in infant formula can contribute to intestinal
inflammation [25]. Furthermore, it is plausible that the effect of probiotics on clinical outcomes could be
mediated by functional HM components such as prebiotic HMOs, immunological factors, and probiotic
bacteria [31]. In this respect, recent data suggest that a low abundance of a specific HMO in MOM
(disialyllacto-N-tetraose, DSLNT) could represent a marker of the susceptibility of preterm infants to
NEC [32], thus highlighting the fundamental role of the crosstalk between HM prebiotic components,
gut and HM microbiota, and probiotics in the development of the disease.

While the role of MOM in the prevention of NEC has been established, less is known about
donor HM (DHM). In a multicenter clinical trial, the availability of DHM was associated with a 10%
increase in MOM availability and a 2.6% decrease in the rate of NEC [33]. Similarly, the introduction
of DHM and probiotic supplementation in two clinical settings was linked to a significant reduction
in neonatal mortality and to a non-significant decrease in NEC rates [34]. On the contrary, the use of
DHM as a supplement to MOM was not associated with any significant benefit in terms in mortality
and morbidity indexes, nor in neurodevelopment at 18 months corrected age [35].

The interaction between DHM and probiotic supplementation in shaping neonatal clinical
outcomes in far from clear. The manipulation process of DHM, which includes several steps such as
freezing, thawing, pooling, and pasteurization, is likely to have a major impact on HM functional
components [36]. Whether the changes in DHM composition induced by its manipulation translate
into a clinically relevant effect is yet to be demonstrated. Recently, the effect of different feeding
types, including MOM, DHM, and formula, on the features of gut microbiota in preterm infants
was analyzed: compared to DHM-fed infants, gut microbiota in MOM-fed infants was richer in
Bifidobacteriaceae and poorer in Staphylococcaceae, Clostridiaceae, and Pasteurellaceae. Despite these
differences, gut microbiota profiles in MOM-fed and DHM-fed infants were more similar than those
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observed in formula-fed infants [37]. The clinical significance of these observations deserves to be
assessed in further trials.

In summary, given the differential effect of MOM, DHM, and formula on both gut microbiota and
neonatal clinical outcomes, it is fundamental that further studies exploring probiotic supplementation
in preterm infants will plan to describe in greater detail and adjust their data for feeding characteristics
of included infants, in order to limit potential confounding factors (i.e., percentage of MOM, duration
of exclusive MOM, characteristics of HM fortification, etc.). Even better, it would be ideal to restrict
inclusion criteria to infants fed homogeneously (MOM, DHM, or formula), thus overcoming the
impracticability of randomizing preterm infants according to type of feeding.

4. Choosing the Probiotic: Is There Strength in (Strain) Numbers?

The strain-specificity of the probiotic effect has been accepted for decades as a pivotal principle of
probiotic science and regulation [38]. More than 20 years from the first RCT showing that probiotics
could be effective in reducing NEC, several RCTs and cohort studies reporting on NEC, LOS,
and/or mortality in preterm infants receiving probiotic supplementation have been conducted.
Multiple different probiotic strains or combinations have been used and some of them have been shown
to exert beneficial effects. However, it has not been clarified whether a single probiotic or a mixture
of probiotics would be more effective in improving preterm infants’ outcome, and which probiotic
strain or mixture should be better used. Numerous meta-analyses summarizing currently available
data have recently been published [4,6,9,11,13,14,30,39-42]: data from these meta-analyses suggest
that, beyond the overall benefit, a combination of different strains or species may have advantages
over single probiotic organisms [6,9,14,30,39]. Since the same probiotic strain was used in very few
studies, strain-specific sub-meta-analyses are difficult to perform, and strain-specific meta-analyses
have been conducted only twice [40,41]. In order to provide an overview on the use of probiotics in
preterm infants at a strain level and to identify strains with the greatest efficacy, van den Akker et al.
carried out a network meta-analysis, combining evidence from direct and indirect comparison across
several competing interventions [7]. Single- or multi-strain studies reporting on NEC, LOS, time to FEF,
or overall mortality were included. Only a minority of the studied interventions, both single-strain
and multi-strain/multi-species, was found to be effective. There was no clear overlap of certain strains
which were significantly effective on multiple outcome domains. Most strains or combinations of strains
only showed trends towards efficacy, whereas other strains did not demonstrate any. The authors
suggested that a lack of effect might be either due to understudied species or to a true lack of effect of
certain strains.

The extreme variety of probiotics used in neonatology might lead to conflicting conclusions.
The variability of the strains and protocols in the trials included in various meta-analyses is often
presented as a weakness. However, given the consistently decreased risk of NEC in RCTs using
different probiotic regimens, it could be argued that most of the investigated interventions improve the
health of the participants beyond any placebo effect. This evidence might indicate that the concept of
strain-specific effects of probiotics may not be relevant to certain outcomes such as NEC [43]. Because of
the complexity of the normal gut microbiome and of various cascades involved in the pathogenesis
of NEC, different strains may exert their beneficial effect by different pathways. Thus, some authors
suggested that commonly used probiotic strains share core benefits providing ‘non-specific’ or ‘generic’
protection [44-46]. While some specific mechanisms are rare and present in only a few strains of
commonly studied probiotic species, some mechanisms might be frequently observed at a species
and even a genus level [45,47]. Shared mechanisms exist among taxonomic groups that include many
different strains [48]. On these bases, a multi-strain or multi-species probiotic [49] could be more
effective than a single-strain product: more strains give more chances of success for a beneficial effect,
provide a greater microbiota diversity and thus more potential niches in combination with individually
determined host factors, allow a broader efficacy spectrum, and may exert additive or synergistic effects.
However, a combination of probiotic strains does not necessarily ensure, in itself, a greater efficacy
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than a single-strain probiotic, as different probiotic strains may exert mutual inhibitory properties
through the production of antimicrobial substances or differential gene expression [50,51].

Further structured research is needed to address the benefits of single-strain versus multi-strain or
multi-species probiotic products in preterm infants. Head-to-head human intervention studies should
be performed comparing a multi-strain product with its single-strain components and a placebo.
Furthermore, in vitro and animal studies should aim to identify safe probiotic combinations that show
additive or synergistic properties, avoiding potential antagonistic effects.

5. Addressing Safety Concerns: Time for Ghost Probiotics?

The routine administration of probiotics to preterm infants is hindered by concerns about the
safety of commercially available products. Reasons of concern include fear of probiotic-related sepsis,
transmission of antibiotic resistance, and non-availability of high-quality products.

Although none of the meta-analyses on probiotic supplementation in preterm infants reported
any serious adverse events in infants receiving probiotics, there are several reports describing the
occurrence of probiotic-related infections such as sepsis, pneumonia, and meningitis [31]. In addition,
the genome of probiotic bacteria is known to contain genetic elements which confer resistance
to several broad-spectrum antibiotics, such as glycopeptides, aminoglycosides, mono-bactams,
and fluoroquinolones [52]; these resistant genes are themselves not harmful, but they can be transferred
to other gut bacteria and eventually to opportunistic pathogens, leading to an uncontrolled increase in
antibiotic-resistance [53], which might lead to longer-term consequences that outweigh the immediate
benefits of probiotic supplementation. Furthermore, in many countries probiotics are considered as
food supplements, and thus lack the strict quality regulation of other pharmaceuticals [31]. This is
linked to a high risk of product contamination which can have serious consequences, especially
when probiotics are administered to vulnerable individuals with weak immune systems, enhanced
inflammatory responses, and/or compromised gut barrier, such as preterm infants.

To address the safety issues related to currently available probiotics, research is focusing on
inactivated products, the so-called “paraprobiotics”. The concept of paraprobiotics, or ghost probiotics,
was developed by Taverniti et al. [54], who defined them as “non-viable microbial cells or crude
cell extracts, which, when administered in adequate amounts, confer a benefit on the human or
animal consumer”. Inactivation of probiotics has been performed through several methods (i.e., heat,
chemical, gamma or ultraviolet rays, sonication), each one having a different effect on cell structure
and function [54].

A “probiotic paradox” has been described in relation to paraprobiotics, and is related to the fact
that both live and dead microbial cells might exert beneficial responses in the host [55]. Mechanisms
of action of paraprobiotics involve the modulation of various steps of the inflammatory and gut
immune responses, and theoretical advantages over viable products include enhanced safety and
longer shelf-life.

Results of the studies comparing viable vs. non-viable probiotic products on a variety of clinical
outcomes have been summarized by Lahtinen et al. The authors concluded that, while it is clear that
live bacteria are overall more effective than non-viable ones, there might be some cases where viability
is not essential for the health benefit, as suggested by some clinical reports [56]. The evaluation of
viable probiotics vs. non-viable ones is further complicated by the fact that, during storage, part of the
probiotic population may become “dormant” [57].

At present, few probiotic species, including strains of both Lactobacillus and Bifidobacterium, have
been studied in their inactivated form [58]; current evidence about their potential applications in
preterm infants is limited, but it is likely that further research will give new insight into mechanisms
of action, most effective and safe probiotic strains to be used in their inactivated form, and most
promising clinical applications in preterm infants [59].
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6. Choosing the Study Design: The Challenge of Cross-Colonization

Cross-colonization, or cross-contamination, occurs when a microorganism, including a probiotic,
is transferred from one individual or environment to another. Early clinical trials on probiotic
supplementation to preterm infants reported some cases of cross-colonization with the probiotic
organism. Millar et al. documented transient colonization with Lactobacillus GG of one infant, whose twin
was receiving probiotic supplementation and was being nursed in an adjacent cot [60]. One RCT
investigating the colonization with Bifidobacterium breve detected the probiotic bacteria in the feces
of 44% of the control infants at six weeks [61]. More recently, Hickey et al. [62] assessed the rate of
cross-colonization of specific probiotic organisms within a multicenter RCT [63]. The authors reported
a low occurrence of probiotic cross-colonization (7.9%) and environmental contamination, suggesting
that this phenomenon may be related to physical proximity to infants receiving probiotics, as well as
NICU length of stay. In contrast, the Probiotic in Preterm Infants Study (PiPS), the largest multicenter
RCT about probiotics in preterm infants, demonstrated that cross-contamination occurred in 49% of
the infants in the placebo arm in all study sites. Furthermore, rates of the primary outcomes did not
differ significantly between the probiotic and placebo groups [64]. Nonetheless, further analysis based
on the colonization status suggested benefits in the colonized infants irrespective of their allocation to
the probiotic or placebo treatment groups [65,66].

Mechanisms of cross-contamination in the NICU have not been satisfactorily explored. They likely
include transmission through the contamination of NICU surfaces and the body/hands of caregivers [67].
Even if cross-colonization may not result in ingestion of the probiotic bacteria at beneficial doses in
the control group, it may be enough to alter the outcomes. The challenges of cross-contamination
include both the potential impact on NICU infants and limitations in assessing the true effect of
probiotic supplementation in clinical trials. In order to avoid infant-to-infant probiotic dissemination,
Totsu et al. [68] performed a cluster RCT involving 19 NICUs, reporting benefits of single-strain
Bifidobacterium bifidum OLB6378 supplementation in preterm infants. Taking these findings together,
cross-colonization should be considered when designing further RCTs. Cluster or cross-over cluster
randomized trials in which the NICU is randomized rather than the infant should be considered [40,47,64],
as well as more standardized hygiene policies and NICU layouts.

7. Conclusions

The interaction between probiotics and the preterm host is extremely complex, due to particular
intrinsic and environmental factors. Despite the enthusiasm towards probiotics in neonatal medicine,
theoretical knowledge and clinical applications still need to be improved. This review highlights the
need for further well-designed studies aimed at clarifying the impact of the type of feeding, as well
as related confounding factors, on the relationship between probiotic supplementation and clinical
outcome. Furthermore, future research is needed to provide solid evidence about the potential greater
efficacy of multi-strain/multi-species probiotics compared to single-strain products. According to
recent observations, paraprobiotics could represent an answer to safety concerns related to the routine
administration of probiotics in preterm infants, and pre-clinical and clinical studies should be targeted
to explore this new frontier. Further RCTs exploring probiotic supplementation in preterm infants
should also consider a cluster design to avoid the issue of cross-contamination. Last, in light of
increasing commercial and public interests, the long-term effect of the routine consumption of
probiotics and the risk connected to antibiotic resistance in this vulnerable population should be
explored in ad hoc studies.

Author Contributions: A.A. and I.B. wrote the first draft of the paper. A.A., IB. and S.M. performed the literature
search and review. L.M., G.F. and L.C. made substantial revisions to the first draft. All the authors have approved
the submitted version of this work and agree to be personally accountable for their own contributions and for
ensuring that questions related to the accuracy or integrity of any part of the work, even ones in which they are
not personally involved, are appropriately investigated, resolved, and documented in the literature.

Conflicts of Interest: The authors declare no conflict of interest.



Nutrients 2018, 10, 1472 7 of 10

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

Harrison, M.S.; Goldenberg, R.L. Global burden of prematurity. Semin. Fetal Neonatal Med. 2016, 21, 74-79.
[CrossRef] [PubMed]

Platt, M.]. Outcomes in preterm infants. Public Health 2014, 128, 399-403. [CrossRef] [PubMed]

Schiiller, S.S.; Kramer, B.W.; Villamor, E.; Spittler, A.; Berger, A.; Levy, O. Inmunomodulation to prevent or
treat neonatal sepsis: Past, present, and future. Front. Pediatr. 2018, 6, 1-17. [CrossRef] [PubMed]
Dermyshi, E.; Wang, Y.; Yan, C.; Hong, W.; Qiu, G.; Gong, X.; Zhang, T. The “Golden Age” of probiotics:
A systematic review and meta-analysis of randomized and observational studies in preterm infants.
Neonatology 2017, 112, 9-23. [CrossRef] [PubMed]

AlFaleh, K.; Anabrees, J. Probiotics for prevention of necrotizing enterocolitis in preterm infants. Cochrane Database
Syst. Rev. 2014, 4, CD005496.

Aceti, A.; Gori, D.; Barone, G.; Callegari, M.L.M.L.; Di Mauro, A.; Fantini, M.PM.P; Indrio, F.; Maggio, L.;
Meneghin, F.; Morelli, L.; et al. Probiotics for prevention of necrotizing enterocolitis in preterm infants:
Systematic review and meta-analysis. Ifal. ]. Pediatr. 2015, 41, 89. [CrossRef] [PubMed]

Van den Akker, C.H.P,; van Goudoever, ].B.; Szajewska, H.; Embleton, N.D.; Hojsak, I.; Reid, D.; Shamir, R.
Probiotics for preterm infants: A strain-specific systematic review and network meta-analysis. J. Pediatr.
Gastroenterol. Nutr. 2018, 67, 103-122. [CrossRef] [PubMed]

Rao, S.C.; Athalye-jape, G.K.; Deshpande, G.C.; Simmer, K.N.; Patole, S.K. Probiotic supplementation and
late-onset sepsis in preterm infants: A meta-analysis. Pediatrics 2016, 137, 1-16. [CrossRef] [PubMed]
Aceti, A.; Maggio, L.; Beghetti, I.; Gori, D.; Barone, G.; Callegari, M.L.; Fantini, M.P.; Indrio, F.; Meneghin, F;
Morelli, L.; et al. Probiotics prevent late-onset sepsis in human milk-fed, very low birth weight preterm
infants: Systematic review and meta-analysis. Nutrients 2017, 9, 904. [CrossRef] [PubMed]

Athalye-Jape, G.; Deshpande, G.; Rao, S.; Patole, S. Benefits of probiotics on enteral nutrition in preterm
neonates: A systematic review. Am. . Clin. Nutr. 2014, 100, 1508-1519. [CrossRef] [PubMed]

Aceti, A.; Gori, D.; Barone, G.; Callegari, M.L.; Fantini, M.P; Indrio, F.; Maggio, L.; Meneghin, F.; Morelli, L.;
Zuccotti, G.; et al. Probiotics and time to achieve full enteral feeding in human milk-fed and formula-fed
preterm infants: Systematic review and meta-analysis. Nutrients 2016, 8, 471. [CrossRef] [PubMed]
Deshpande, G.; Jape, G.; Rao, S.; Patole, S. Benefits of probiotics in preterm neonates in low-income and
medium-income countries: A systematic review of randomised controlled trials. BM] Open 2017, 7, e017638.
[CrossRef] [PubMed]

Sun, ].; Marwah, G.; Westgarth, M.; Buys, N.; Ellwood, D.; Gray, P.H. Effects of probiotics on necrotizing
enterocolitis, sepsis, intraventricular hemorrhage, mortality, length of hospital stay, and weight gain in very
preterm infants: A meta-analysis. Adv. Nutr. Int. Rev. |. 2017, 8, 749-763. [CrossRef] [PubMed]

Chang, H.Y,; Chen, ].H.; Chang, J.H; Lin, H.C,; Lin, C.Y.; Peng, C.C. Multiple strains probiotics appear to
be the most effective probiotics in the prevention of necrotizing enterocolitis and mortality: An updated
meta-analysis. PLoS ONE 2017, 12, e0171579. [CrossRef] [PubMed]

Cohen, P.A. Probiotic safety-No guarantees. JAMA Intern. Med. 2018. [CrossRef] [PubMed]

Viswanathan, S.; Lau, C.; Akbari, H.; Hoyen, C.; Walsh, M.C. Survey and evidence based review of probiotics
used in very low birth weight preterm infants within the United States. J. Perinatol. 2016, 36, 1106-1111.
[CrossRef] [PubMed]

Patel, RM.; Underwood, M.A. Probiotics and necrotizing enterocolitis. Semin. Pediatr. Surg. 2018, 27, 39-46.
[CrossRef] [PubMed]

lIozzo, P.; Sanguinetti, E. Early dietary patterns and microbiota development: Still a way to go from descriptive
interactions to health-relevant solutions. Front. Nutr. 2018, 5, 5. [CrossRef] [PubMed]

Sanders, M.E.; Guarner, F; Guerrant, R.; Holt, P.R.; Quigley, EEM.M.; Sartor, R.B.; Sherman, PM.; Mayer, E.
An update on the use and investigation of probiotics in health and disease. Gut 2013, 62, 787-796. [CrossRef]
[PubMed]

Koletzko, B.; Brands, B.; Grote, V.; Kirchberg, EE; Prell, C.; Rzehak, P.; Uhl, O.; Weber, M. Long-term health
impact of early nutrition: The power of programming. Ann. Nutr. Metab. 2017, 70, 161-169. [CrossRef]
[PubMed]

Schneider, N.; Garcia-Rodenas, C.L. Early nutritional interventions for brain and cognitive development in
preterm infants: A review of the literature. Nutrients 2017, 9, 187. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.siny.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26740166
http://dx.doi.org/10.1016/j.puhe.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24794180
http://dx.doi.org/10.3389/fped.2018.00199
http://www.ncbi.nlm.nih.gov/pubmed/30073156
http://dx.doi.org/10.1159/000454668
http://www.ncbi.nlm.nih.gov/pubmed/28196365
http://dx.doi.org/10.1186/s13052-015-0199-2
http://www.ncbi.nlm.nih.gov/pubmed/26567539
http://dx.doi.org/10.1097/MPG.0000000000001897
http://www.ncbi.nlm.nih.gov/pubmed/29384838
http://dx.doi.org/10.1542/peds.2015-3684
http://www.ncbi.nlm.nih.gov/pubmed/26908700
http://dx.doi.org/10.3390/nu9080904
http://www.ncbi.nlm.nih.gov/pubmed/28829405
http://dx.doi.org/10.3945/ajcn.114.092551
http://www.ncbi.nlm.nih.gov/pubmed/25411286
http://dx.doi.org/10.3390/nu8080471
http://www.ncbi.nlm.nih.gov/pubmed/27483319
http://dx.doi.org/10.1136/bmjopen-2017-017638
http://www.ncbi.nlm.nih.gov/pubmed/29222137
http://dx.doi.org/10.3945/an.116.014605
http://www.ncbi.nlm.nih.gov/pubmed/28916575
http://dx.doi.org/10.1371/journal.pone.0171579
http://www.ncbi.nlm.nih.gov/pubmed/28182644
http://dx.doi.org/10.1001/jamainternmed.2018.5403
http://www.ncbi.nlm.nih.gov/pubmed/30242393
http://dx.doi.org/10.1038/jp.2016.144
http://www.ncbi.nlm.nih.gov/pubmed/27583387
http://dx.doi.org/10.1053/j.sempedsurg.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29275816
http://dx.doi.org/10.3389/fnut.2018.00005
http://www.ncbi.nlm.nih.gov/pubmed/29457002
http://dx.doi.org/10.1136/gutjnl-2012-302504
http://www.ncbi.nlm.nih.gov/pubmed/23474420
http://dx.doi.org/10.1159/000477781
http://www.ncbi.nlm.nih.gov/pubmed/28683464
http://dx.doi.org/10.3390/nu9030187
http://www.ncbi.nlm.nih.gov/pubmed/28241501

Nutrients 2018, 10, 1472 8 of 10

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

American Academy of Pediatrics. Breastfeeding and the use of human milk. Pediatrics 2012, 129, e827-e841.
[CrossRef] [PubMed]

Chong, C.; Bloomfield, F.; O’Sullivan, ]J. Factors affecting gastrointestinal microbiome development in
neonates. Nutrients 2018, 10, 274. [CrossRef] [PubMed]

De la Cruz, D.; Bazacliu, C. Enteral feeding composition and necrotizing enterocolitis. Semin. Fetal Neonatal
Med. 2018. [CrossRef]

Maffei, D.; Schanler, R.J. Human milk is the feeding strategy to prevent necrotizing enterocolitis!
Semin. Perinatol. 2017, 41, 36—40. [CrossRef] [PubMed]

Biagi, E.; Quercia, S.; Aceti, A.; Beghetti, I.; Rampelli, S.; Turroni, S.; Faldella, G.; Candela, M.; Brigidi, P.;
Corvaglia, L. The bacterial ecosystem of mother’s milk and infant’s mouth and gut. Front. Microbiol. 2017, 8,
1214. [CrossRef] [PubMed]

Zimmermann, P.; Curtis, N. Factors Influencing the intestinal microbiome during the first year of life.
Pediatr. Infect. Dis. ]. 2018. [CrossRef] [PubMed]

Xu, W.; Judge, M.; Maas, K.; Hussain, N.; McGrath, ].M.; Henderson, W.A.; Cong, X. Systematic review of
the effect of enteral feeding on gut microbiota in preterm infants. J. Obstet. Gynecol. Neonatal Nurs. 2017, 47,
451-463. [CrossRef] [PubMed]

Repa, A.; Thanhaeuser, M.; Endress, D.; Weber, M.; Kreissl, A.; Binder, C.; Berger, A.; Haiden, N. Probiotics
(Lactobacillus acidophilus and Bifidobacterium bifidum) prevent NEC in VLBW infants fed breast milk but not
formula. Pediatr. Res. 2015, 77, 381-388. [CrossRef] [PubMed]

Thomas, J.P.; Raine, T.; Reddy, S.; Belteki, G. Probiotics for the prevention of necrotising enterocolitis in
very low-birth-weight infants: A meta-analysis and systematic review. Acta Paediatr. 2017, 106, 1729-1741.
[CrossRef] [PubMed]

Embleton, N.D.; Zalewski, S.; Berrington, J.E. Probiotics for prevention of necrotizing enterocolitis and sepsis
in preterm infants. Curr. Opin. Infect. Dis. 2016, 29, 256-261. [CrossRef] [PubMed]

Autran, C.A.; Kellman, B.P; Kim, J.H.; Asztalos, E.; Blood, A.B.; Spence, E.C.H.; Patel, A.L.; Hou, J;
Lewis, N.E.; Bode, L. Human milk oligosaccharide composition predicts risk of necrotising enterocolitis in
preterm infants. Gut 2018, 67, 1064-1070. [CrossRef] [PubMed]

Kantorowska, A.; Wei, ].C.; Cohen, R.S.; Lawrence, R.A.; Gould, ]J.B.; Lee, H.C. Impact of Donor Milk
Availability on Breast Milk Use and Necrotizing Enterocolitis Rates. Pediatrics 2016, 137, 20153123. [CrossRef]
[PubMed]

Sharpe, J.; Way, M.; Koorts, PJ.; Davies, M.W. The availability of probiotics and donor human milk is
associated with improved survival in very preterm infants. World J. Pediatr. 2018. [CrossRef] [PubMed]
O’Connor, D.L.; Gibbins, S.; Kiss, A.; Bando, N.; Brennan-Donnan, J.; Ng, E.; Campbell, D.M.; Vaz, S.;
Fusch, C.; Asztalos, E.; et al. Effect of supplemental donor human milk compared with preterm formula on
neurodevelopment of very low-birth-weight infants at 18 months: A randomized clinical trial. JAMA 2016,
316, 1897-1905. [CrossRef] [PubMed]

Peila, C.; Moro, G.E.; Bertino, E.; Cavallarin, L.; Giribaldi, M.; Giuliani, F.; Cresi, F.; Coscia, A. The effect
of holder pasteurization on nutrients and biologically-active components in donor human milk: A review.
Nutrients 2016, 8, 477. [CrossRef] [PubMed]

Parra-Llorca, A.; Gormaz, M.; Alcantara, C.; Cernada, M.; Nuifiez-Ramiro, A.; Vento, M.; Collado, M.C.
Preterm gut microbiome depending on feeding type: Significance of donor human milk. Front. Microbiol.
2018, 9, 1376. [CrossRef] [PubMed]

Guarner, F.; Malagelada, J.R. Gut flora in health and disease. Lancet 2003, 361, 512-519. [CrossRef]

Zhang, G.-Q.; Hu, H.-J; Liu, C.-Y,; Shakya, S.; Li, Z.-Y. Probiotics for preventing late-onset sepsis in preterm
neonates: A PRISMA-compliant systematic review and meta-analysis of randomized controlled trials.
Medicine 2016, 95, €2581. [CrossRef] [PubMed]

Athalye-Jape, G.; Rao, S.; Simmer, K.; Patole, S. Bifidobacterium breve M-16V as a probiotic for preterm
infants: A strain-specific systematic review. J. Parenter. Enter. Nutr. 2018, 42, 677-688. [CrossRef] [PubMed]
Athalye-Jape, G.; Rao, S.; Patole, S. Lactobacillus reuteri DSM 17938 as a probiotic for preterm neonates:
A strain-specific systematic review. J. Parenter. Enter. Nutr. 2016, 40, 783-794. [CrossRef] [PubMed]

Hu, HJ.; Zhang, G.Q.; Zhang, Q.; Shakya, S.; Li, Z.Y. Probiotics prevent candida colonization and invasive
fungal sepsis in preterm neonates: A systematic review and meta-analysis of randomized controlled trials.
Pediatr. Neonatol. 2017, 58, 103-110. [CrossRef] [PubMed]


http://dx.doi.org/10.1542/peds.2011-3552
http://www.ncbi.nlm.nih.gov/pubmed/22371471
http://dx.doi.org/10.3390/nu10030274
http://www.ncbi.nlm.nih.gov/pubmed/29495552
http://dx.doi.org/10.1016/j.siny.2018.08.003
http://dx.doi.org/10.1053/j.semperi.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/27836421
http://dx.doi.org/10.3389/fmicb.2017.01214
http://www.ncbi.nlm.nih.gov/pubmed/28713343
http://dx.doi.org/10.1097/INF.0000000000002103
http://www.ncbi.nlm.nih.gov/pubmed/29746379
http://dx.doi.org/10.1016/j.jogn.2017.08.009
http://www.ncbi.nlm.nih.gov/pubmed/29040820
http://dx.doi.org/10.1038/pr.2014.192
http://www.ncbi.nlm.nih.gov/pubmed/25423074
http://dx.doi.org/10.1111/apa.13902
http://www.ncbi.nlm.nih.gov/pubmed/28471478
http://dx.doi.org/10.1097/QCO.0000000000000269
http://www.ncbi.nlm.nih.gov/pubmed/27023404
http://dx.doi.org/10.1136/gutjnl-2016-312819
http://www.ncbi.nlm.nih.gov/pubmed/28381523
http://dx.doi.org/10.1542/peds.2015-3123
http://www.ncbi.nlm.nih.gov/pubmed/26908696
http://dx.doi.org/10.1007/s12519-018-0168-0
http://www.ncbi.nlm.nih.gov/pubmed/29951973
http://dx.doi.org/10.1001/jama.2016.16144
http://www.ncbi.nlm.nih.gov/pubmed/27825008
http://dx.doi.org/10.3390/nu8080477
http://www.ncbi.nlm.nih.gov/pubmed/27490567
http://dx.doi.org/10.3389/fmicb.2018.01376
http://www.ncbi.nlm.nih.gov/pubmed/29997594
http://dx.doi.org/10.1016/S0140-6736(03)12489-0
http://dx.doi.org/10.1097/MD.0000000000002581
http://www.ncbi.nlm.nih.gov/pubmed/26937897
http://dx.doi.org/10.1177/0148607117722749
http://www.ncbi.nlm.nih.gov/pubmed/28796951
http://dx.doi.org/10.1177/0148607115588113
http://www.ncbi.nlm.nih.gov/pubmed/26059900
http://dx.doi.org/10.1016/j.pedneo.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27793494

Nutrients 2018, 10, 1472 90f 10

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

Ganguli, K.; Walker, W.A. Probiotics in the prevention of necrotizing enterocolitis. J. Clin. Gastroenterol. 2011,
45,133-138. [CrossRef] [PubMed]

Hill, C.; Sanders, M.E. Rethinking “probiotics”. Gut Microbes 2013, 4, 269-270. [CrossRef] [PubMed]

Hill, C.; Guarner, E; Reid, G.; Gibson, G.R.; Merenstein, D.].; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.].;
Salminen, S.; et al. Expert consensus document: The international scientific association for probiotics and prebiotics
consensus statement on the scope and appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol.
2014, 11, 506-514. [CrossRef] [PubMed]

Patole, S. Probiotics for preterm infants-The story searching for an end. Indian Pediatr. 2017, 54, 361-362.
[CrossRef] [PubMed]

Underwood, M.A. Impact of probiotics on necrotizing enterocolitis. Semin. Perinatol. 2017, 41, 41-51.
[CrossRef] [PubMed]

Sanders, M.E.; Benson, A.; Lebeer, S.; Merenstein, D.].; Klaenhammer, T.R. Shared mechanisms among
probiotic taxa: Implications for general probiotic claims. Curr. Opin. Biotechnol. 2018, 49, 207-216. [CrossRef]
[PubMed]

Timmerman, H.M.; Koning, C.J.M.; Mulder, L.; Rombouts, EM.; Beynen, A.C. Monostrain, multistrain and
multispecies probiotics-A comparison of functionality and efficacy. Int. ]. Food Microbiol. 2004, 96, 219-233.
[CrossRef] [PubMed]

Ouwehand, A.C.; Invernici, M.M.; Furlaneto, F.A.C.; Messora, M.R. Effectiveness of multistrain versus
single-strain probiotics current status and recommendations for the future. J. Clin. Gastroenterol. 2018.
[CrossRef] [PubMed]

Deshpande, G.C.; Rao, S.C.; Keil, A.D.; Patole, S.K. Evidence-based guidelines for use of probiotics in preterm
neonates. BMC Med. 2011, 9, 92. [CrossRef] [PubMed]

Wong, A.; Saint Ngu, D.Y.; Dan, L.A.; Ooi, A.; Lim, R.L.H. Detection of antibiotic resistance in probiotics of
dietary supplements. Nutr. J. 2015, 14, 95. [CrossRef] [PubMed]

Zheng, M.; Zhang, R.; Tian, X.; Zhou, X.; Pan, X.; Wong, A. Assessing the risk of probiotic dietary supplements
in the context of antibiotic resistance. Front. Microbiol. 2017, 8, 1-8. [CrossRef] [PubMed]

Taverniti, V.; Guglielmetti, S. The immunomodulatory properties of probiotic microorganisms beyond their
viability (ghost probiotics: Proposal of paraprobiotic concept). Genes Nutr. 2011, 6, 261-274. [CrossRef]
[PubMed]

Adams, C.A. The probiotic paradox: Live and dead cells are biological response modifiers. Nutr. Res. Rev.
2010, 23, 37-46. [CrossRef] [PubMed]

Lahtinen, S.J. Probiotic viability-does it matter? Microb. Ecol. Heal. Dis. 2012, 23, 10-14. [CrossRef] [PubMed]
Lahtinen, S.J.; Gueimonde, M.; Ouwehand, A.C.; Reinikainen, J.P.; Salminen, S.]. Probiotic bacteria may
become dormant during storage. Appl. Environ. Microbiol. 2005, 71, 1662-1663. [CrossRef] [PubMed]
Zorzela, L.; Ardestani, S.K.; McFarland, L.V.; Vohra, S. Is there a role for modified probiotics as beneficial
microbes: A systematic review of the literature. Benef. Microbes 2017, 8, 739-754. [CrossRef] [PubMed]
Deshpande, G.; Athalye-Jape, G.; Patole, S. Para-probiotics for preterm neonates-The next frontier. Nutrients
2018, 10, 871. [CrossRef] [PubMed]

Millar, M.R.; Bacon, C.; Smith, S.L.; Walker, V.; Hall, M.A. Enteral feeding of premature infants with
Lactobacillus GG. Arch. Dis. Child. 1993, 69, 483-487. [CrossRef] [PubMed]

Kitajima, H.; Sumida, Y.; Tanaka, R.; Yuki, N.; Takayama, H.; Fujimura, M. Early administration of
Bifidobacterium breve to preterm infants: Randomised controlled trial. Arch. Dis. Child. Fetal Neonatal Ed.
1997, 76, F101-F107. [CrossRef] [PubMed]

Hickey, L.; Garland, S.M.; Jacobs, S.E.; O'Donnell, C.P.E,; Tabrizi, S.N. Cross-colonization of infants with
probiotic organisms in a neonatal unit. J. Hosp. Infect. 2014, 88, 226-229. [CrossRef] [PubMed]

Jacobs, S.E.; Tobin, ].M.; Opie, G.F,; Donath, S.; Tabrizi, S.N.; Pirotta, M.; Morley, C.J.; Garland, S.M. Probiotic
Effects on Late-onset Sepsis in Very Preterm Infants: A Randomized Controlled Trial. Pediatrics 2013, 132,
1055-1062. [CrossRef] [PubMed]

Costeloe, K.; Hardy, P; Juszczak, E.; Wilks, M.; Millar, M.R. Bifidobacterium breve BBG-001 in very preterm
infants: A randomised controlled phase 3 trial. Lancet 2016, 387, 649-660. [CrossRef]

Deshpande, G.; Rao, S.; Athalye-Jape, G.; Conway, P; Patole, S. Probiotics in very preterm infants: The PiPS
trial. Lancet 2016, 388, 655. [CrossRef]


http://dx.doi.org/10.1097/MCG.0b013e318228b799
http://www.ncbi.nlm.nih.gov/pubmed/21992952
http://dx.doi.org/10.4161/gmic.25143
http://www.ncbi.nlm.nih.gov/pubmed/23778363
http://dx.doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://dx.doi.org/10.1007/s13312-017-1105-3
http://www.ncbi.nlm.nih.gov/pubmed/28601850
http://dx.doi.org/10.1053/j.semperi.2016.09.017
http://www.ncbi.nlm.nih.gov/pubmed/27836423
http://dx.doi.org/10.1016/j.copbio.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/29128720
http://dx.doi.org/10.1016/j.ijfoodmicro.2004.05.012
http://www.ncbi.nlm.nih.gov/pubmed/15454313
http://dx.doi.org/10.1097/MCG.0000000000001052
http://www.ncbi.nlm.nih.gov/pubmed/29734210
http://dx.doi.org/10.1186/1741-7015-9-92
http://www.ncbi.nlm.nih.gov/pubmed/21806843
http://dx.doi.org/10.1186/s12937-015-0084-2
http://www.ncbi.nlm.nih.gov/pubmed/26370532
http://dx.doi.org/10.3389/fmicb.2017.00908
http://www.ncbi.nlm.nih.gov/pubmed/28579981
http://dx.doi.org/10.1007/s12263-011-0218-x
http://www.ncbi.nlm.nih.gov/pubmed/21499799
http://dx.doi.org/10.1017/S0954422410000090
http://www.ncbi.nlm.nih.gov/pubmed/20403231
http://dx.doi.org/10.3402/mehd.v23i0.18567
http://www.ncbi.nlm.nih.gov/pubmed/23990833
http://dx.doi.org/10.1128/AEM.71.3.1662-1663.2005
http://www.ncbi.nlm.nih.gov/pubmed/15746375
http://dx.doi.org/10.3920/BM2017.0032
http://www.ncbi.nlm.nih.gov/pubmed/28884589
http://dx.doi.org/10.3390/nu10070871
http://www.ncbi.nlm.nih.gov/pubmed/29976885
http://dx.doi.org/10.1136/adc.69.5_Spec_No.483
http://www.ncbi.nlm.nih.gov/pubmed/8285750
http://dx.doi.org/10.1136/fn.76.2.F101
http://www.ncbi.nlm.nih.gov/pubmed/9135288
http://dx.doi.org/10.1016/j.jhin.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25447201
http://dx.doi.org/10.1542/peds.2013-1339
http://www.ncbi.nlm.nih.gov/pubmed/24249817
http://dx.doi.org/10.1016/S0140-6736(15)01027-2
http://dx.doi.org/10.1016/S0140-6736(16)31271-5

Nutrients 2018, 10, 1472 10 of 10

66. Karthikeyan, G.; Bhat, B.V. The PiPS (Probiotics in Preterm Infants Study) trial-controlling the confounding
factor of crosscontamination unveils significant benefits. Indian Pediatr. 2017, 54, 162. [PubMed]

67. Meadow, J.E,; Altrichter, A.E.; Bateman, A.C.; Stenson, J.; Brown, G.; Green, ].L.; Bohannan, B.J.M. Humans
differ in their personal microbial cloud. Peer] 2015, 3, e1258. [CrossRef] [PubMed]

68. Totsu, S.; Yamasaki, C.; Terahara, M.; Uchiyama, A.; Kusuda, S. Bifidobacterium and enteral feeding in
preterm infants: Cluster-randomized trial. Pediatr. Int. 2014, 56, 714-719. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://www.ncbi.nlm.nih.gov/pubmed/28285299
http://dx.doi.org/10.7717/peerj.1258
http://www.ncbi.nlm.nih.gov/pubmed/26417541
http://dx.doi.org/10.1111/ped.12330
http://www.ncbi.nlm.nih.gov/pubmed/24617812
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Defining the Target: Gut Microbiota vs. Clinical Outcomes 
	Exploring Feeding Contribution: Human Milk vs. Formula 
	Choosing the Probiotic: Is There Strength in (Strain) Numbers? 
	Addressing Safety Concerns: Time for Ghost Probiotics? 
	Choosing the Study Design: The Challenge of Cross-Colonization 
	Conclusions 
	References

