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Necrotizing enterocolitis (NEC) is a complex intestinal disease that primarily affects
premature neonates. Given its significant mortality and morbidity, there is an
urgent need to develop improved prophylactic measures against the disease.
One potential preventative strategy for NEC is the use of probiotics. Although
there has been significant interest for decades in probiotics in neonatal care, no
clear guidelines exist regarding which probiotic to use or for which patients, and
no FDA-approved products exist on the market for NEC. In addition, there is
lack of agreement regarding the benefits of probiotics in neonates, as well as
some concerns about the safety and efficacy of available products. We discuss
currently available probiotics as well as next-generation probiotics and novel
delivery strategies which may offer an avenue to capitalize on the benefits of
probiotics, while minimizing the risks. Thus, probiotics may still prove to be an
effective prevention strategy for NEC, although further product development
and research is needed to support use in the preterm population.
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Introduction

NEC is a severe inflammatory disorder of the premature intestine with complex
pathophysiology and limited treatment options (1). One of the earliest reports of the
disease was from Babies Hospital in New York City in 1965 (2). Despite several advances
in the care of newborns since this time (3, 4), the overall incidence and mortality due to
NEC remain high (5, 6). In contrast to respiratory distress syndrome (RDS), another
common disease of prematurity, which was radically improved through the introduction
of artificial surfactants (7), no such early preventative measure has yet been developed for
NEC. In fact, the overall medical care for NEC has remained largely the same since the
term was first coined: withholding feeds, antibiotics, and surgery when indicated. Today,
NEC is the most common surgical emergency in neonates and the most common cause
of gastrointestinal death in this vulnerable patient population. Given the high mortality of
NEC, how difficult it is to treat, the significant financial burden it poses on society, and
the long-term morbidity in survivors, there is an urgent need to develop novel
preventative measures with an aim to eradicate NEC (8).

As NEC typically occurs in the first several weeks of life and is thought partly to be due
to an altered gut microbiome (9-11), one potential and promising preventative measure is
the prophylactic use of probiotics in susceptible neonates. Probiotics are defined per the
World Health Organization (WHO) as live microorganisms such as bacteria that are
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given in significant enough quantities to provide a specific health
benefit (12, 13). While they have been formally studied in the
western world since the early 1900s, it was not until the 1950s
that they were first trialed in human neonates (14). More than a
half-century later, probiotics have failed to gain traction in the
USA for the prevention of NEC (15). However, interest in
probiotics has increased over time; in 1997, almost no NICUS in
the United States were using probiotics (16), but by 2015, that
number had increased to 14% (15). Due to concerns regarding
safety and efficacy, lack of clear protocolized guidelines for usage,
and unavailability of FDA-approved products, neonatologists,
pediatric surgeons, and other stakeholders are at present torn on
the role of probiotics in preventing NEC. However, an improved
mechanistic understanding of probiotic effects on neonatal
intestine and immunity, careful selection and dosing of the most
efficacious bacterial strains, and advancements in the production
and delivery of next-generation probiotics, may warrant future
reconsideration of this understandably cautious position. In this
review article, we will explore the scientific rationale for the use
of probiotics in human neonates, the current state of data in
support or against the usage in human neonates, ongoing
concerns and barriers to usage, and the future potential of
probiotics in the prevention and eradication of NEC.

Understanding the pathophysiology of
NEC and the rationale for prophylactic
use of probiotics

The pathophysiology of NEC is known to be complex. This is in
part due to early bacterial colonization and an excessive
inflammatory response in the context of a premature gut and
immune system. Several risk factors have been identified that
increase the likelihood of NEC development, including premature
birth, very low birth weight, exposure to asphyxia or hypothermia,
and enteral feeding (8). This multifactorial pathophysiology
underscores how difficult it is to fully prevent NEC with any one
single intervention. However, one core component of the disease
that may be modifiable, even in the earliest weeks of life, is the
altered microbiome characteristic of NEC (17). Understanding the
cause and characterizing the extent of this dysbiosis may be key to
both understanding NEC and potentially preventing its occurrence.

When neonates are born, they acquire a small library of bacteria
from the mother during delivery, from their environment, and from
oral feeds, which rapidly expands in both size and diversity. This
immature intestinal microbiome is believed to not only influence
the immediate health of the neonate but also its life-long health.
Most importantly, however, at this initial stage the microbiome is
believed to be modifiable, providing a unique opportunity for early
intervention (17). The earliest “pioneer” bacteria that seed the
intestinal tract during this initial phase include facultative aerobes
such as Escherichia, Enterococcus, and Streptococcus, that shift the
intestinal luminal environment to an anaerobic one. This shift
subsequently allows obligate anaerobes such as Clostridium,
Bacteroides, and Bifidobacterium to thrive (18, 19). However, this
process can vary tremendously depending on the specific bacteria
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that neonates are first exposed to, which is influenced by the
mode of delivery. Neonates that are delivered vaginally appear to
acquire gut flora that resemble their own mother’s vaginal
microbiome, whereas those delivered by cesarean section develop
intestinal microbial communities with similarities to the maternal
skin flora (20, 21). In addition to these early colonizers, breast
milk feeding expands exposure to Bacteroides and Bifidobacterium,
as well as lactic acid producers: Lactobacillus (ie., L. acidophilus),
Limosilactobacillus (i.e., L. reuteri), and Lacticaseibacillus (i.e., L.
rhamnosus). These early gut bacteria are crucial to neonatal health
as they are thought to play a role in educating the neonatal
immune system and ensuring the evolution of a diverse intestinal
microbiome, particularly through the production of beneficial
bacterial metabolites (19).

Unfortunately, several factors can disrupt or alter the expected
healthy gut colonization, including maternal disease or dysbiosis,
cesarean section delivery, absence of breast milk feeding, prematurity,
or early antibiotic use (22). Preterm neonates, the population most
at risk for NEC, have several additional factors that contribute to
dysbiosis, including early exposure to microbes in utero (ie., preterm
premature rupture of membranes or intra-amniotic infection),
exposure to hospital microbes through prolonged NICU admissions
after birth, and expected delays in enteral feeding due to
prematurity. Consequently, preterm neonates acquire an abnormal
over-representation of pathogenic facultative anaerobes within their
intestines, including Enterobacter, Escherichia, and Klebsiella, all
belonging to the Gammaproteobacteria class. Additionally, they have
decreased proportions of the strict anaerobes that are a hallmark of
the healthy developing microbiome, such as Bifidobacterium or
Bacteroides (23).

While preterm infants are already noted to have a decreased
diversity of intestinal microbes, the insufficiency is further
exaggerated in infants that acquire NEC (24). At the same time,
the proportion of Gammaproteobacteria in the intestine is
further increased, which is predictive of disease development
(9-11). Given these findings, there is an opportunity to target
therapeutics towards improving the microbial diversity in the gut
and reducing the relative abundance of Gammaproteobacteria, in
the hope of preventing NEC. One obvious strategy for this is
using beneficial bacteria such as Bacteroides spp. or L. reuteri.
Through the production of anti-microbial compounds or direct
able to displace
pathogenic bacteria that contribute to the dysbiosis preceding

competition, probiotic bacteria may be
NEC (see Figure 1). For example, L. reuteri, in response to
various pathogenic-type bacterial strains such as E. coli, can
generate the antimicrobial compound reuterin, which inhibits
bacterial resistance to oxidative stress (25, 26).

In practice, however, it is less clear to what extent this dysbiosis
can be transformed into a healthy microbiota and whether this will
truly prevent NEC. For example, in one preclinical study that
evaluated the ability of a strain of B. fragilis to counter
Cronobacter sakazakii-induced NEC in rodents, pre-treatment
with the probiotic slightly improved the loss of microbial
diversity and reduced the relative abundance of Proteobacteria.
This finding was despite no observable increase in the relative
abundance of the probiotic species itself in the gut (27). In
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The effect of probiotics and prebiotics on the intestinal epithelium, immune system, and microbiome. Necrotizing Enterocolitis is a complex disease that
is in part due to prematurity of the neonatal intestine, prematurity of the developing immune system, and dysbiosis. Probiotics, prebiotics, and synbiotics
represent potential novel strategies for modulating all three of the intestine, the immune system, and the microbiome, in order to reduce the incidence
and severity of NEC. The mechanisms through which probiotics provide benefits vary depending on the species and strain administered, the adjunct use
of prebiotics, the use of novel probiotic delivery systems, and dosing regimens. The schematic illustrates some of the major known effects of probiotics
on the developing gut that are relevant to NEC: (1) probiotics can improve gut-barrier function by preserving tight junction proteins such as claudin 4 and
occludin. Probiotics also have anti-apoptotic and cytoprotective effects on the neonatal intestine; (2) probiotics that are highly adhesive to the gut
intestine produce complex biofilms that improve the attachment and theoretically the efficacy of the probiotic; (3) through direct competition or the
production of anti-microbial compounds, probiotics can reduce the presence of pathobionts that contribute to the dysbiosis seen in NEC. Probiotics
can also metabolize environmental substrates such as tryptophan to produce beneficial bacterial metabolites that can reduce the presence of pro-
inflammatory macrophages and activated T-cells, and increase the populations of anti-inflammatory macrophages and regulatory T-cells; (4) some
probiotics are also able to indirectly inhibit the TLR-4 pathway, by interacting with TLR-9. TLR-4 is the receptor for LPS, a microbial cell wall product
that is thought to play a role in the pathogenesis of NEC and is commonly used as a stressor in animal models of the disease. By inhibiting TLR-4
activity, there is a reduction in inflammatory cytokines and an increase in regulatory T-cells.
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another study, administration of B. infantis in rodents prevented
NEC in a hypoxia-hypothermia model of NEC, but had no
impact on dysbiosis, and the probiotic was not detectable in the
cecum (28). In contrast, higher dosing of L. rhamnosus was not
only found to be protective against intestinal injury during
experimental NEC, but also resulted in increased microbial
diversity. Interestingly, the relative abundance of beneficial
bacteria belonging to the phylum Bacteroidetes was also
improved compared to lower dosing, underscoring the
importance of optimal dosing in characterizing the impact of
probiotics on dysbiosis (29). Taken together, these animal studies
highlight the variable documented effects of probiotics on the
microbiome during NEC, and the difficulty in comparing studies
without controlling for differences in specific bacteria used or
dosing regimens. Through a careful selection of the most
advantageous strains and titration of dosing, the true effects of

probiotics on dysbiosis can likely be better assessed in the future.
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In addition to dysbiosis, exaggerated inflammation results in
significant, patchy, intestinal injury during NEC. Through
modulation of the developing immune system and the neonatal
intestinal ~ epithelium, prophylactic  probiotics
intensity of  this
inflammation (see Figure 1). Several groups using different

rhamnosus, and

may also
significantly ~minimize the intestinal
probiotic bacteria, including L. reuteri, L.
Bifidobacterium spp., have shown that prophylactic use of these
products can effectively reduce the incidence of NEC, the degree
of intestinal injury, and the production of inflammatory
cytokines in rodent models of the disease (25, 30-33). However,
the mechanisms by which these benefits occur are far less clear,
and the effects are likely to be bacterial species or even strain-
specific. Several of these probiotic bacteria have been shown to
influence gut barrier function, possibly through the regulation of
intercellular tight junctions, preventing the translocation of
pathogens and resulting sepsis (see Figure 1). For instance,
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B. infantis given to mice prior to initiation of an experimental NEC
protocol not only decreased the incidence of NEC, but also reduced
the intestinal permeability to the test marker fluorescein
isothiocyanate (FITC)-dextran and preserved tight junction
proteins such as claudin 4 and occludin (32). Likewise,
administration of L. reuteri has been shown to decrease intestinal
permeability of FITC-dextran during rodent NEC (33). In
addition to improving gut barrier function, probiotics can also
have anti-apoptotic and cytoprotective effects on the neonatal
intestine. For instance, L. rhamnosus has been shown to reduce
caspase-3 cleavage during experimental NEC and this was
associated with an wupregulation of pathways involved in
epithelial proliferation, migration, growth, and differentiation (34).

Probiotics have also been shown to play a role in modulating the
neonatal innate and adaptive immune systems during NEC. For
instance, activation of toll-like receptor (TLR) 9 by L. rhamnosus
DNA has been found to be crucial to its protective abilities against
experimental NEC. This is believed to be caused by TLR9
activation resulting in inhibition of TLR4 activation, a receptor that
has been implicated in the pathophysiology of NEC and responds
to the bacterial cell wall product lipopolysaccharide (LPS) (see
Figure 1) (31). The probiotic L. rhamnosus can also reduce TLR4
activity during NEC by upregulation of TLR inhibitors such as
single immunoglobulin interleukin-1-related receptor (SIGIRR) and
A20, and the benefits appear to be dose-dependent (see Figure 1)
(29). In addition to enhanced TLR4 activity, diminished regulatory
type T cells (Treg), which play a role in modulating the severity of
inflammation and promoting tolerance, have also been implicated
in the pathophysiology of NEC. Administration of L. reuteri (DSM
17938) in a mouse model of the disease was found to reverse this
reduction of CD4" Foxp3" Treg cells in the ileum and in
mesenteric lymph nodes, which was not seen when L. acidophilus
DDS was given (see Figure 1) (30). Furthermore, probiotics such as
L. reuteri, have been shown to beneficially convert substrates such
as dietary tryptophan from the environment into bioactive
byproducts. Several of these tryptophan breakdown products can
bind to a human receptor known as the aryl hydrocarbon receptor
and promote an anti-inflammatory state, through reduced TLR-4
signaling in intestinal epithelial cells (35) and reduced inflammatory
macrophage infiltration in the intestinal tissue (see Figure 1) (36).
Regardless of the mechanisms, the potential for probiotics to
beneficially modulate the intestinal epithelium and immune system
are additional rationales for the continued development of probiotic
therapies against NEC.

Comparison of current single versus
multi-strain probiotics in the
prevention of NEC in human neonates

The most studied probiotic bacteria in humans include
Bifidobacterium spp., L. reuteri, or a combination of both (37).
These bacteria are normally present in healthy, breastfed, term
neonates (38). A study that examined 289 NICUs across the US
from 1997 to 2016 found the most commonly administered
probiotic products to be Lactobacillus (recently recategorized into
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several genera including Lactobacillus, Limosilactobacillus, and
Lacticaseibacillus)  formulations followed by Ultimate Flora
(Bifidiobacterium spp.), ABC Dophilus
(Bifidobacterium, Lactobacillus, and Streptococcus species), and

and Lactobacillus

Align (Bifidobacterium spp.) (16). Although there is no currently
available FDA-approved probiotic, Viswanathan et al. (2016)
reported that 14% of NICUs (70/500) in the United States were
administering probiotics to very low birthweight (VLBW) infants.
Surprisingly, only 4/16 of the probiotics being used in these
NICUs were ever evaluated in a randomized controlled trial (RCT)
(15). The following sections summarize different RCTs for single
and multiple strain probiotic formulations in preterm infants
weighing <1,500 g [i.e., very low birth weight (VLBW) infants]
(see Tables 1, 2).

Single-strain formulations

Lactic acid producers commonly found in breast milk,
including L. rhamnosus, L. reuteri, and L. acidophilus are some
of the most common bacteria in probiotic formulations
administered in the neonatal population (see Table 1 for
comparison of single-strain probiotics in NEC). In 12 NICUs in
Italy, 295 VLBW preterm infants were randomized to receive
L. rhamnosus GG (Dic0ﬂ0r®; Dicofarm, Rome, Italy), whereas
290 were given placebo. Treatment was given with the first feed,
and after at least 7 days of treatment, there was no significant
difference in the incidence of NEC. Nevertheless, all patients
with NEC in the probiotic group did survive, whereas 25% died
in the placebo group (39). Similarly, in a small single-institution
RCT with 80 VLBW preterm infants, Dicoflor™ reduced
gastrointestinal colonization of Candida species. The clinical
implications remain unclear as there was no significant difference
in the incidence of invasive fungal infections, sepsis, surgical
NEC, or death between treatment groups. The lack of significant
findings may be attributable to the small study population (40).

The data for other commonly used lactic acid-producing
probiotic strains against NEC is similarly mixed. A multi-center,
double-blind RCT in Colombia also did not observe a significant
decrease in the incidence of NEC between preterm babies who
received L. reuteri DSM 17938 (Biogaia AB, Stockholm, Sweden)
versus placebo. It is important to note that this study was not
powered to detect a difference in NEC incidence (41). Likewise,
Oncel et al. (2014) investigated the frequency of NEC in a single
NICU as a primary outcome in VLBW preterm infants given
L. reuteri DSM 17938 (Biogaia AB, Stockholm, Sweden) or
placebo. After 7 days of treatment, there was no difference in NEC
incidence or NEC-related mortality, even after patients were
stratified to VLBW or extremely low birth weight (ELBW),
defined as neonates weighing <1,000 g. However, there was a
significant improvement in sepsis, feeding tolerance, and length of
hospitalization in the probiotic arm (42). In contrast, a single-
center NICU in Turkey administered L. sporogenes (DMG ITALIA
SRL, Rome, Italy) to VLBW infants <33 weeks gestational age
(probiotic n=110 and control n=111). The incidence of NEC
and the incidence of either NEC or death decreased in the
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probiotic group compared to infants who received the placebo;
however, these trends were not statistically significant (n=211)
(43). The most recent RCT wusing L. reuteri DSM 17938
demonstrated that this probiotic can modulate the microbiome
during the first month of life, improving microbial diversity and
reducing the presence of potentially pathogenic bacteria. Although
no significant effect on NEC was detected, only 54 neonates were
evaluated per group and so this study was underpowered to detect
any difference in the occurrence of NEC (61).

The other most studied category of probiotic is Bifidobacterium
spp. For example, B. lactis BB12 was administered to VLBW infants
who were <30 weeks gestational age at the Children’s Hospital in
Ulm, Germany between 2000 and 2003 (probiotic n=91 and
placebo 7n=289). In this study, there was no significant difference in
either the incidence of NEC (Bell's stage >2) or the incidence of
nosocomial infections (primary outcome) between treatment and
control groups (44). The largest trial, Probiotics in Preterm Infants
(PiPs), investigated the use of B. breve BBG-001 (Yakult Honsha Co
Ltd, Tokyo, Japan) in 650 babies compared to 660 infants who
received placebo across multiple centers in the UK. The group found
no protection by the probiotic against sepsis, NEC diagnosis, or
death. A limitation of this study was the cross-colonization of the
placebo cohort; 49% of infants who received a placebo were
colonized with B. breve BBG-001 by 36 weeks postmenstrual age
(45). A RCT in Japan between 19 NICUs provided B. bifidum
OLB6378 (Meiji, Tokyo, Japan) (n=153) or placebo (n=130) to
VLBW preterm infants within 48h of life. This study did not
identify any difference in NEC incidence, as no infant in either
group developed the disease. However, there was significant
improvement in feeding tolerance and late-onset sepsis in the
probiotic group (46).

Aside from lactic acid producers and Bifidobacterium, other
beneficial bacteria as probiotics have been studied in RCTs.
(S. boulardii) (Reflor™; Biocodex,
Beauvois, France), a yeast-based probiotic, was administered to
VLBW preterm infants at a single NICU within 48 h of birth.
There was no significant difference in NEC (Bell’s stage >2) or

Saccharomyces  boulardii

death amongst both groups. There was a significant improvement
in feeding tolerance in the probiotic group (47). Another
independent RCT also investigating S. boulardii (Reflor™;
Biocodex, France) did not report a significant difference in the
incidence of NEC between the probiotic and placebo group (48).

Opverall, the results from current published RCTs on the use of
single strain probiotics in preterm infants are not compelling
regarding the ability of probiotics to reduce the incidence of
NEC. Nonetheless, it is important to note that a number of these
studies evaluated NEC only as a secondary outcome and enrolled
a small study population. Future, more extensive studies using
the most promising strains are warranted to detect any
significant changes in the incidence of NEC.

Multiple-strain formulations

Although  the from RCTs
formulations have not been significant in decreasing NEC

results using  single-strain
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RCTs
formulations have been more promising (see Table 2 for

incidence, in preterm infants using multiple-strain
comparison of multi-strain probiotics in NEC). The ProPerms
prospective trial evaluated a combination of B. infantis, B. lactis,
and Streptococcus thermophilus (ABC Dophilus; Probiotic Powder
for Infants, Solfar, Leonia, New Jersey) in 1,099 VLBW
premature infants aged <32 gestational weeks in Australia and
New Zealand. Although there was no significant effect on late-
onset sepsis, the primary study outcome, the group did
demonstrate a significant reduction in NEC in the probiotic
group compared to the control (49). In another study, VLBW
preterm neonates were randomized to receive ABC Dophilus
(Solgar, division of Wyeth Consumer Healthcare, Bergen County,
New Jersey), composed of B. infantis, S. thermophilus, and
B. bifidus. The treatment group had a lower incidence of NEC
(Bell’s stage >2) and less severe NEC. There was an absolute risk
reduction of NEC by 12% in the probiotic cohort (38).
Infloran™, a commonly discussed probiotic formulation
composed of L. acidophilus and Bifidobacterium spp., was
retrospectively studied in multiple centers in Germany and showed
a significant reduction in the risk of NEC, overall mortality,
mortality after NEC, and nosocomial bloodstream infection (62).
A multi-center RCT in Taiwan with a total of 434 patients
demonstrated similar results using B. bifidum and L. acidophilus
(Infloran, National Collection of Dairy Organisms, Reading,
United Kingdom and Laboratorio, Farmaceutico, Mede, Italy) in
VLBW preterm infants (50). However, a single-center RCT with
VLBW preterm infants using the same formulation did not
demonstrate a difference in the incidence of NEC (Bell's stage
>2). It is worth noting that only 31 infants were randomized to
the B. bifidum and L. acidophilus, and 29 neonates to the placebo
group (51). A more recent single-center RCT by Sowden et al.
(2022) showed a decrease in the incidence of NEC in VLBW
preterm newborns approach using
Labinic™ (Bioflortech, Surrey, UK), composed of L. acidophilus,
B. bidifum, and B. infantis. Although not statistically significant,
zero patients in the probiotic arm had NEC, whereas two in the

treated with a similar

placebo group were diagnosed with the disease (52).

However, not all studies have found a clear benefit from
giving multi-strain probiotic formulations to neonates. Another
multi-strain formulation of B. longum BB536 and L. rhamnosus
GG (BB536-LGG; Morinaga Milk Industry Co Ltd., Tokyo,
Japan and Valio Ltd.) was studied in VLBW premature infants
in two centers in France. There was no difference in the
incidence of NEC between the study and the control group.
This was partly attributed to a low overall incidence of NEC
(53). Another RCT that L.
rhamnosus GG (Culturelle; Amerifit, Cromwell, Connecticut)

multi-center study showed
and B. infantis (Align; Procter and Gamble, Cincinnati, Ohio)
given to ELBW preterm infants did not affect the incidence of
NEC or surgery for NEC. Only 101 patients were enrolled in
this study, with 51 in the control group and 50 in the probiotic
group (54). Several other RCTs have been performed around
the world using various formulations of multi-strain probiotics
but with low patient enrollments, and have also seen no

significant effect on NEC (55-57).
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Overall, it appears that the studies using multiple-strain
probiotics are more promising than single-strain probiotics;
however very few direct comparisons exist at present, making it
difficult to recommend one over the other based on individual
trial data. Interestingly, a study between single strain L. acidophilus
and a multispecies probiotic formulation containing L. acidophilus,
L. rhamnosus, L. casei, L. plantroom, B. infantis, and
S. thermophilus, did not show a significantly different incidence of

NEC (63, 64).

Meta-analysis of single and multiple-strain
probiotics in NEC

One of the earliest, high-quality, meta-analyses performed
using 7 randomized controlled trial data of preterm neonates
that received prophylactic probiotics to prevent NEC, was from
2007 (64). These same data were later updated by the same
group in 2010 with the inclusion of 4 additional trials (65). After
developing a fixed-effects model using 2,176 preterm neonates
with VLBW, they found that the use of probiotics was associated
with a lower risk of NEC [RR =0.35, 95% CI: 0.23-0.55], lower
risk of all-cause mortality [RR =0.42, 95% CI: 0.29-0.62], and an
improved time to feed, with a mean difference of 5.03 days saved
[-5.03, 95% CI: —5.62 to —4.44]. However, no significant
difference was observed regarding impact on sepsis. They
concluded that the number needed to treat to prevent 1 case
of NEC or 1 death was 25 [95% CI: 17-34] and 20 [95% CI: 14—
34], respectively (65).

These findings were validated in another large meta-analysis
from 2015 by Lau et al. using 20 RCTs of preterm VLBW
infants, in which 12 additional studies were included and 2 from
the prior study were not included (66). The most recent
Cochrane review from 2020 on this subject including 57 RCTs in
total with an expanded study population including very preterm
or VLBW infants (n=10,812), added more weight to the
emerging importance of probiotics (67). Their analysis revealed
that probiotics were associated with a reduction in the risk of
NEC [RR=0.54, 95% CI: 0.45-0.65] and the number needed to
treat to prevent one additional case of NEC was 33 [95% CI: 25-
50] (67). Through meta-analysis of well-designed RCTs studying
the utility of probiotics in preventing NEC in VLBW preterm
infants, it is clear that probiotics remain an important strategy
for prophylaxis against NEC and deserve continued study.

Interestingly, the work of Lau et al. also highlighted the
importance of specific strains and multi-strain formulations in the
prevention of NEC (66). Subgroup analyses from this meta-
analysis revealed that in particular Lactobacillus or mixtures of
Lactobacillus and  Bifidobacterium, were most effective in
minimizing the risk of NEC (RR=0.573, 95% CI: 0.354-0.928), in
contrast to Bifidobacterium alone or Sacharomyces alone, which
were not significantly effective. Likewise, the multi-strain probiotic
recipients had a significantly reduced risk of mortality compared
to those that received single-strain formulations (RR =0.669, 95%
CI 0.505-0.886) (66). In fact, more recent meta-analyses have
validated the importance of multi-strain formulations of probiotics
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over single-strain formulations in the prevention of NEC (68, 69).
In particular, the 2017 meta-analysis by Chang et al. found
Lactobacillus species to have a borderline effect against NEC and
only multi-strain formulations to be effective in reducing mortality
(69). Thus, future studies of probiotics in human neonates should
focus on the most effective strains such as Lactobacillus species
(reclassified into Lactobacillus, Limosilactobacillus,
Lacticaseibacillus, among other new and relevant genera) or multi-

strain formulations such as Lactobacillus and Bifidobacterium.

Confounders and the importance of breast
milk in probiotic effects during NEC

There are several factors, regardless of whether single or multi-
strain probiotics are used, that complicate analysis and comparison
of the RCT's discussed here, including the use of different probiotic
formulations and dosing, differences in gestational age of the study
groups (degree of prematurity), whether VLBW or ELBW infants
were included, and differences in the incidence of NEC. In
addition, the use of human breast milk vs. formula to feed the
neonate while they are on probiotics may alter the effect of
probiotics on NEC (70). For example, probiotic supplementation
of B. breve and L. casei (Yakult LB, Sio Paulo, Brazil) to human
milk in VLBW preterm infants during the first month of life was
associated with a reduction in the incidence of NEC (Bell’s stage
>2). In fact, there were only reported cases of NEC in the
control cohort (4/112) (58). This was supported by a single-
center RCT study, which demonstrated that VLBW infants who
received breast milk supplemented with L. acidophilus and B.
infantis (Infloran™; Swiss Serum and Vaccine Institute, Berne,
Switzerland) had reduced NEC incidence and rates of NEC or
death compared to infants who were fed breast milk alone (59).

™ was

The importance of breast milk on the function of Infloran
again validated in 2015 in another RCT in Europe (60). In
contrast, breast milk administration alongside a probiotic mixture
of B. infantis, B. bifidum, B. longum, and L. acidophilus reduced
NEC overall in preterm VLBW infants, but had no difference on
Bell’s stage >2 disease (71). It is possible that concurrent breast
milk feeds alongside probiotic administration leads to the
improvement of intestinal colonization allowing a greater
protection against NEC (72). This is not surprising given the
natural role that breast milk has been found to play in
preventing NEC. Breast milk provides the developing neonate
with valuable maternal IgA (73), immunomodulatory and anti-
infective molecules such as lactoferrin (74), beneficial modulation
of TLR-4 signaling (75), and specific healthy microbes such as
Lactobacillus (see section on “Understanding the pathophysiology
of NEC and the rationale for prophylactic use of probiotics”),
packaged alongside the resources that these microbes need to
succeed (see section on “Advances in prebiotics, synbiotics, and
postbiotics”). Thus, future RCTs should also report the diet of the
neonate as an additional variable that might contribute to the
bioactivity and success of the probiotic. Overall, more work is
clearly needed to identify the most beneficial strain or strains of
probiotics to include in future research studies.
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Concerns about sepsis and other
major barriers to the use and
development of probiotics

The American Academy of Pediatrics (AAP) recently published
a statement in November 2021 addressing the use of probiotics in
preterm infants. In this statement they decided that at this time
they “[do] not support the routine, universal administration of
probiotics to preterm infants, particularly those with a birth
weight of <1,000g” As justification for this conclusion, they
cited that most recent modern trials have not demonstrated an
apparent reduction in NEC within high-risk infant populations,
that there is no pharmaceutical-grade probiotic product currently
available in the United States, and that long-term safety remains
unknown. However, they did acknowledge that there are
conflicting data regarding the use of probiotics in preterm infants
for the prevention of NEC. In addition, they encouraged centers
choosing to administer probiotics to be selective about their use
and to have a thorough discussion of the risks and benefits as a
part of a formalized informed consent process (14).

The NEC Society, a non-profit organization dedicated to
building a world without NEC via research, advocacy, and
also recently added to this They
acknowledged that further research was required to understand

education, discussion.
the role of probiotics in the prevention of NEC, to identify
which patient populations would benefit most from probiotics, to
determine which probiotic strain or strains were preferred, and
to confirm the best dose and duration of treatment. However,
they did recommend that probiotics be considered as a strategy
to help reduce the risks of NEC and death in VLBW infants.
Given the lack of clarity, they also recommended that families be
better educated about the risks and benefits of probiotic use in
NEC, and that clinicians be prepared to explain their NICU’s
rationale for offering or not offering probiotic administration (76).
This lack of consensus by multiple stakeholders has made it
challenging to develop national policies regarding the use of
probiotics in neonates. It highlights the essential need for more
research on this topic. One of the most piercing concerns from
opponents of probiotic use in neonates is the possibility of
probiotic-associated sepsis, whether due to contamination or to
the possibility of pathogenic behavior by the probiotic bacteria
itself. Given that several prior cases of probiotic-associated sepsis
or contamination have been documented in the literature, there is
good reason to be cautious (77-82). For example, it was reported
in 2004 that two pre-term infants in Washington with short bowel
syndrome that were given Lacticaseibacillus rhamnosus GG to help
prevent bacterial overgrowth, developed L. rhammnosus GG sepsis
(77). The weight of this report was only increased by cases of L.
rhamnosus GG sepsis after probiotic administration in neonates in
Poland in 2014 (78), Italy in 2016 (80), and Taiwan in 2021 (81).
These cases of probiotic sepsis are not exclusively limited to any
one species of probiotic bacteria, and have also been seen with
currently available commercial formulations. A 2014 report from
Switzerland detailed the case of two preterm infants that
prophylactically received the probiotic Infloran™, which contains
Bifidobacterium spp. and Lactobacillus acidophilus, to prevent
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NEC. Both infants unfortunately developed culture-proven B.
longum bacteremia (82). In 2015, another three cases of B. longum
bacteremia were reported in preterm infants who received
prophylactic Infloran™. Although all three infants had blood
cultures positive for B. longum either while on Infloran™ or
shortly after treatment, two of the three did not require additional
antibiotic treatment. The third infant, however, developed NEC,

despite treatment with Infloran™

, and ultimately required both
antibiotics and surgery (79). Although these cases are rare, the
existence of these sentinel events is troublesome. Our lack of
understanding as to why probiotic-related bacteremia occurs,
which subpopulations of premature neonates are at the highest
risk, and whether this is even preventable given the loss of
intestinal barrier function in NEC, continues to be a significant
barrier to the widespread use of probiotics in NICUs.

In addition to hesitancy due to a lack of defined guidelines for the
role of probiotics in the treatment of NEC, and the rare but notable
cases of probiotic-related sepsis, the absence of government oversight
or regulation in this industry is another barrier to usage. At present,
there are no FDA-approved probiotics on the market and the precise
contents of non-FDA-approved probiotic formulations currently
available cannot be guaranteed. Drago et al. conducted a study in
2009 to determine if products available in the USA market were
correctly labeled and found that the contents of only 4 of 13
products matched their labels (83). A similar study by Toscano
et al. in 2011 investigating products on the Italian and European
market found that out of 24 products, 10 did not contain the
expected amount of bacteria listed on the label and 4 did not
contain any of the species included on the label (84). As recently
as 2016, Lewis et al. aimed to validate the identity of
Bifidobacterium species and subspecies in 16 different commercial
products, of which only one probiotic perfectly matched its label
(85). Beyond the discordance between product labels and their
contents, there have been several probiotic recalls due to
contamination (86-88). A widely known incident of probiotic-
associated sepsis due to contamination was the death of a VLBW
preterm infant in Connecticut, who unfortunately succumbed to
gastrointestinal mucormycosis after receiving the probiotic ABC
Dophilus Powder that was contaminated with Rhizopus oryzae (89).

These
importance of good manufacturing practice (GMP)-grade probiotic

uncertainties and discrepancies demonstrate the
preparation for human administration as an important next step in
developing probiotic drugs for NEC. However, given the exorbitant
cost of producing a GMP-grade drug formulation, and the
enormous effort required to test that drug and get it approved by
the FDA, this is a significant hurdle. As our target population is
newborns, the cost may be doubled as the FDA requires initial
Phase 1 studies in adults prior to beginning Phase 1 studies in
newborns (90). Funding this extensive effort is difficult without the
support of pharmaceutical companies. Unfortunately, NEC is an
orphan disease affecting less than 200,000 infants nationwide (91).
As such, there is not a great incentive for pharmaceutical
companies, hospitals, and government agencies to support new
research and the development of novel therapeutics to treat NEC,
compared to therapeutics for more prevalent diseases (90). Despite
these clear difficulties in producing a probiotic drug for NEC,
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several competing groups are working at present to test GMP-grade
probiotics in the clinical setting, in order to gain full FDA approval.
One such GMP-grade probiotic drug known as IBP-9414 (L. reuteri),
developed by Infant Bacterial Therapeutics AB (IBT), is currently
being studied in an ongoing, registered, phase 3 RCT known as the
“Connection Trial” (NCT03978000). This study is presently in the
recruiting phase and is slated to be complete by the end of 2023.
In addition to uniquely being one of the few studies using GMP-
grade products in an RCT, this study is also intentionally being
powered to see an effect for NEC (92). If this GMP-grade product
achieves full FDA-approval, this could change the landscape for the
use of probiotics in NICUs, as it may be more universally accepted
amongst neonatologists as a therapeutic option against NEC. Of
note, IBP-9414 at present has received orphan drug status for the
prevention of retinopathy of prematurity, but not for NEC (93).
Preliminary data from this study was limited to establishing
definitions for sustained feeding tolerance, a primary outcome for
their trial, and researchers have not yet commented on the efficacy
of their probiotic against NEC as they remain blinded. However,
we do know that their overall incidence of NEC at this time,
regardless of allocation to probiotic or control group, is 6% (n =13/
216) (94).

Next-generation probiotics in the
prevention of NEC

Advances in prebiotics, synbiotics, and
postbiotics

In addition to probiotics, prebiotics, synbiotics and postbiotics
have emerged as potential prophylactic strategies against NEC (see
Figure 2). A prebiotic is defined as a “substrate that is selectively
utilized by host microorganisms conferring a health benefit” (95,
96). Breast milk contains prebiotics known as human milk
oligosaccharides (HMOs), with HMO 2’-fucosyllactose (2°FL)
(97).
consumed by Bifidobacterium species, which colonize the gut in

being the most predominant HMOs are selectively
healthy breastfed infants (98). In an experimental rat model of
NEC, HMOs or 2’FL alone were shown to reduce pathology
compared to formula-fed only animals (99). Another important
component of breast milk, particularly colostrum, is the iron-
binding glycoprotein lactoferrin, which can promote the growth
of L. acidophilus and Bifidobacterium species (100). A Cochrane
review showed that lactoferrin decreased the incidence of NEC
(Bell’s stage >2) in pre-term infants when added to enteral feeds
with or without probiotics (74). Thus, prebiotics remain a
promising avenue in the treatment of NEC given their beneficial
effects on commensal bacteria. If the right combination of
prebiotics were discovered to help assure healthy maturation of
the microbiome, it is possible that probiotics might not be
needed at all; thus, eliminating the risk of probiotic-related sepsis
and contamination.

Synbiotics, on the other hand, are a combination of prebiotic and
probiotic products, in which the presence of the prebiotic benefits the
growth of both the probiotic bacteria and commensal host flora (101).
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While this is a promising concept, further evaluation is necessary as
the available data on their beneficial role and their innocuity are
very limited. A group in Turkey performed a RCT where VLBW
infants <32 gestational weeks received oral Lactobacillus species, B.
lactis, oligosaccharides, and bovine lactoferrin with feeds. There was
no difference between the treatment and control groups in terms of
NEC severity, incidence, or death (101). On the contrary, a multi-
center, international RCT revealed that bovine lactoferrin alone or
in combination with L. rhamnosus GG was associated with a
significantly reduced incidence of NEC compared to placebo (102).
Another RCT found that enteral administration of multi-strain
probiotics consisting of L. rhamnosus, L. casei, L. plantorum, and B.
animalis (NBL probiotic™) alongside fructooligosaccharides and
galactooligosaccharides to VLBW preterm neonates resulted in
significantly decreased mortality and NEC incidence compared to
placebo  (103).
combinations is important in the development of synbiotics to

Careful selection of prebiotic and probiotic

ensure long-lasting beneficial effects. For example, in an interim
evaluation of an ongoing RCT, the enteral administration of L.
reuteri in conjunction with w-3 fatty acid treatment prenatally to
the mother and then postnatally in the neonate resulted in
synergistic epigenetic changes in allergy and immune-related
pathways in T-helper cells (104). Thus, synbiotics are a clear new
frontier for optimizing probiotic-based interventions for NEC.

Finally, a postbiotic is a bioactive metabolite with beneficial
properties produced by a microorganism and used as a direct
therapeutic in place of the microorganism (105, 106). For
instance, Meng et al. (2020) identified anti-inflammatory indole-
3-lactic acid (ILA) as a beneficial breakdown product of
tryptophan produced by B. infantis. The addition of this
postbiotic to enterocytes originating from a NEC patient in vitro,
prior to addition of interleukin-1f (IL-1B) stress, resulted in
reduced IL-8 secretion by the cells (107). Overall, there are fewer
studies investigating the effect of postbiotics in NEC compared to
prebiotics and synbiotics. However, this line of research will
undoubtedly advance the field of probiotics overall, as it will
allow for careful selection of strains based on their metabolic
products. As we develop a more refined understanding of the
optimal substrates and environment required by specific
probiotics, we may be able to ensure the success of probiotics
and even amplify their effects against NEC.

Developing novel delivery systems

Probiotics administered enterally face several inherent
challenges before successfully colonizing the intestine, including
exposure to gastric acids, turbulent intraluminal fluid forces, and
competition with other microbes and the host immune response
(108). One mechanism that some bacteria naturally employ to
survive these harsh conditions, and to successfully attach to the
intestinal wall, is the production of biofilms. Biofilms are an
extracellular matrix composed of oligosaccharides, proteins,
lipids, and DNA, produced by communities of bacteria to
enhance their adherence to surfaces such as the intestinal wall

(109). Interestingly, biofilms may also play a role in the ability of
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some probiotics to attenuate intestinal inflammation. In adult mice,  organisms. Through the targeted selection of beneficial strains
highly adhesive strains of L. reuteri have been shown to elicit a  (i.e., L. reuteri DSM 20016) administered using novel delivery
greater anti-inflammatory IL-10 response after LPS stress,  systems, it is possible that probiotics can be more safely and
compared to less adhesive strains (110). While several authors effectively delivered to human neonates in a prophylactic fashion.
have tested strains of L. reuteri that happen to be biofilm-
producing or highly adhesive, such as DSM 20016, this is not
typically a variable that has been prioritized for probiotic Generating designer probiotics
selection in humans. However, enhancing biofilm production by
L. reuteri DSM 20016 may improve the overall efficacy of the Although not yet studied in the context of NEC, one next-
probiotic against human NEC by improving intestinal colonization. ~ generation approach to fine-tune probiotics to better address
One novel approach to capitalize on the inherent adhesiveness  diseases while minimizing off-target effects is through genetic
of L. reuteri DSM 20016 is by growing these bacteria on the surface  engineering. By editing specific disease-related genes, including
of dextranomer microspheres such as SephadexTM (DM), as a  those involved in inflammation, infection, or metabolism-related
vehicle for delivery of the probiotics (see Figure 2) (111). When  pathways, it may be possible to create enhanced probiotic strains,
L. reuteri DSM 20016 (Lr) is grown on DM (Lr-DM) there is  loosely known as designer probiotics, that can better address the
enhanced biofilm production (112). In a rat model of the disease,  diseases they are being developed for (see Figure 2). While there
we have shown that a single dose of Lr-DM (i.e., Lr administered  are significant ethical and safety issues with generating new
in its biofilm state) administered after birth significantly protects  bacterial strains and testing them in humans, the early efforts in
the intestines against NEC (111). While most dosing strategies of  this arena are encouraging and are likely to continue to evolve
probiotics in human NEC require daily usage, this delivery = (113). Several examples of designer probiotics exist at present in
system could radically minimize the exposure of a premature the pre-clinical arena, targeting a diverse range of inflammatory
neonate to probiotic bacteria, reducing the risk of probiotic-  and non-inflammatory diseases. For instance, the L. plantarum
related sepsis. Also, DM can be loaded with beneficial substances =~ NC8 strain was modified to produce angiotensin-converting
such as maltose (Lr-DM-maltose) to further increase biofilm  enzyme inhibitory peptides to successfully combat hypertension
production, and we have shown that this further enhances the in rats (114) and B. longum was engineered to secrete fully
ability of the probiotic to protect the intestines against NEC in  functional glucagon-like peptide-1 to improve pancreatic function
rats (33). We have now tested Lr-DM-maltose in a piglet model  in type 2 diabetes mellitus (115).
of NEC, and have confirmed these promising pre-clinical With regards to addressing inflammatory and infectious
findings (unpublished observations). Unlike typical synbiotic  disorders of the gut that might be relevant to NEC, L. lactis was
strategies, where the probiotic and its substrate are fed separately, modified to serve as a prophylactic vaccine against C. difficile,
this delivery system allows for co-localization of the substrate to  through the expression of non-toxic fragments of C. difficile
the microenvironment of the attached bacteria, avoiding any off-  cytotoxins. It was shown in an in vivo mouse model that this
target effects of the prebiotic on potentially pathogenic  vaccination strategy improved survival and resulted in increased

® o)

Prebiotic ® Probiotic © Synbiotic Probiotic with Bioengineered

Delivery System Probiotic

MNIDIN

i

Key: @ Prebiotic #0% Standard Probiotic "« Bioengineered Probiotic () Dextranomer Microspheres (DM)

FIGURE 2

Current and next-generation probiotic-related therapies in the prevention of NEC. (A) Prebiotics are substrates that bacteria can utilize to confer a health
benefit to the host. Since no bacteria are administered, this strategy eliminates concerns about probiotic sepsis. However, there are limited pathways
being targeted compared to the complex interactions resulting from the use of whole bacteria; (B) probiotics are live bacterial species that confer a
health benefit to the host. These products have a much broader range of targets/effects than simple prebiotics, but there is a theoretical risk of
probiotic sepsis; (C) synbiotics are probiotics that are co-administered with beneficial prebiotics. The prebiotics can enhance the effect of the
probiotic, however the prebiotic may not exclusively be used by the probiotic itself and could be utilized by other intestinal bacteria; (D) probiotics
can be administered using novel delivery systems such as dextranomer microspheres (DM), which can be pre-loaded with prebiotics. These delivery
systems can promote the formation of a biofilm, leading to increased attachment of the probiotic to the intestinal mucosa. Administration in the
biofilm state improves survival of the probiotic against the harsh gastric and intestinal environment. The prebiotic and probiotic are co-localized to
ensure maximal use of the prebiotic by the adherent probiotics, with no-off target effects of the prebiotic on other microbes; (E) bioengineered
probiotics are theoretical or emerging probiotics in which specific pathways are enhanced or altered through bioengineering strategies. This can
theoretically reduce safety concerns by eliminating pathogenicity and improve efficacy by selecting beneficial phenotypes. However, significant
regulatory hurdles for the development and testing of bioengineered probiotics exist at present.
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IgG and IgA titers (116). Another example of a bioengineered
probiotic that might be relevant to NEC was the recent
modifications of E. coli Nissle 1917, a harmless gram-negative
bacterium, that was developed to combat C. difficile colonization
(117). Given that conjugated bile acids have been found to play a
Nissle 1917 was
bioengineered to deconjugate intestinal bile acids. Furthermore, it

role in C. difficile colonization, E. coli
was modified to perform this deconjugation task only when
dysbiosis was observed, through the detection of subtle changes in
intraluminal sialic acid concentration, a reliable biomarker for
dysbiosis (117). When testing this remarkable dysbiosis-sensing
probiotic against C. difficile in vitro, it was found that the
pathogen’s germination and growth were significantly inhibited,
and its toxicity was reduced. Most importantly, administration of
this probiotic reduced histologic injury after C. difficile infection in
mice (117). Another relevant approach that has been employed to
reduce pathogen toxins in the intestine is the development of
probiotics that express toxin receptor mimics to neutralize the
toxin and minimize its binding to host toxin receptors (118).

As we develop a more rigorous understanding of NEC
pathogenesis, it may be possible to create similar engineered
probiotics that respond to early NEC-related changes, with
targeted responses to neutralize pathogens or toxins and
strengthen host defenses. Recently, it was shown that NEC may be
in IL-22
recombinant IL-22 therapy during NEC could significantly reduce

associated with a reduction signaling and that
the severity of experimental NEC in mice (119). It will be
interesting to study how probiotics engineered to deliver IL-22 or
other disease-mitigating products might perform against NEC, a
strategy that was very recently utilized with a modified IL-22
producing L. reuteri to protect against intestinal radiation in mice
(120). While these “designer probiotics” are exciting alternatives as
they might radically improve the efficacy of probiotics against
NEC, it is important not to minimize the sheer volume of
regulatory hurdles and preclinical work that would be required

prior to such products being tested in neonates.

Conclusion

Despite decades of research on the use of probiotics in humans,
the role of probiotics in preventing NEC remains controversial and
unclear. Differences in dosing strategies, use of single versus multi-
strain formulations, and co-administration of prebiotics or breast
of
previous work. However, the abundance of data available has

milk, have complicated comparisons and interpretations
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