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ABSTRACT

ARTICLE HISTORY

Preterm infants are at risk of multiple morbidities including necrotizing enterocolitis (NEC).
Suspected NEC patients receive intravenous antibiotics (AB) to prevent sepsis, although enteral
AB is arguably more effective at reducing NEC but is rarely used due to the risk of AB resistance.
Fecal microbiota transplantation (FMT) has shown protective effects against NEC in animal experi
ments, but the interaction between AB and FMT has not been investigated in neonates. We
hypothesized that administration of enteral AB followed by rectal FMT would effectively prevent
NEC with negligible changes in AB resistance and systemic immunity. Using preterm piglets, we
examined host and gut microbiota responses to AB, FMT, or a sequential combination thereof, with
emphasis on NEC development. In a saline-controlled experiment, preterm piglets (n = 67) received
oro-gastric neomycin (50 mg/kg/d) and amoxicillin-clavulanate (50/12.5 mg/kg/d) (hereafter AB) for
four days after cesarean delivery, and were subsequently given rectal FMT from healthy suckling
piglet donors. Whereas AB protected the stomach and small intestine, and FMT primarily protected
the colon, the sequential combination treatment surprisingly provided no NEC protection.
Furthermore, minor changes in the gut microbiota composition were observed in response to
either treatment, although AB treatment decreased species diversity and increased AB resistance
among coliform bacteria and Enterococci, which were both partly reversed by FMT. Besides, enteral
AB treatment suppressed cellular and functional systemic immune development, which was not
prevented by subsequent FMT. We discovered an antagonistic relationship between enteral AB and
FMT in terms of NEC development. The outcome may depend on choice of AB compounds, FMT
composition, doses, treatment duration, and administration routes, but these results challenge the
applicability of enteral AB and FMT in preterm infants.
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Introduction

The gastrointestinal tract is a prominent host–
microbe interface, and microbial colonization of
the immature gut of preterm infants (born before
completed 37 weeks of gestation) represents a great
health risk to this vulnerable population. Preterm
infants endure a prolonged period of initial gut
colonization by facultative anaerobic Bacilli and
subsequently Gammaproteobacteria, before transi
tioning to an obligate anaerobic gut microbiota,
reflecting that of healthy term infants.1–3
Harboring a dysbiotic gut microbiota at a critical
time in gastrointestinal and immunological devel
opment may increase the risk of serious infections.
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A significant morbidity of preterm infants is
necrotizing enterocolitis (NEC), a life-threatening
inflammatory bowel condition involving gut bar
rier disruption and mucosa bacterial invasion.4
Based on a recent meta-analysis of fecal 16S rRNA
gene amplicon sequencing data, showing increased
Proteobacteria and reduced Bacteroidetes abun
dance in NEC infants, a connection between
delayed anaerobic colonization of the preterm gut
and NEC development seems plausible.5 Moreover,
gut microbiota instability, perceived as frequent
transitions between well-defined dysbiotic clusters
of single facultative anaerobic dominance, has been
shown to precede NEC development.6

CONTACT Duc Ninh Nguyen
dnn@sund.ku.dk
Comparative Pediatrics and Nutrition, Department of Veterinary and Animal Sciences, Faculty of Health
and Medical Sciences, University of Copenhagen, Copenhagen, Denmark.
Supplemental data for this article can be accessed on the publisher’s website.
© 2020 The Author(s). Published with license by Taylor & Francis Group, LLC.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

e1849997-2

A. BRUNSE ET AL.

Preterm infants with suspected NEC routinely
receive intravenous antibiotics (AB) to reduce
the risk of systemic infection. However, enteral
antibiotics (AB), specifically aminoglycosides,
appear to reduce NEC incidence in preterm
infants,7 which is in agreement with the effects
seen in experimental NEC models,8,9 whereas
prolonged intravenous AB is associated with an
increased risk of NEC.10,11 On the other hand,
studies in mice and chicken show increased AB
resistance after enteral relative to injected ampi
cillin or tetracyclin administration,12,13 thereby
limiting the use of enteral AB for NEC prophy
laxis. Moreover, neonatal gut microbiota deple
tion by enteral AB treatment appears to hamper
gut microbiota-mediated myelopoiesis and resis
tance to systemic infection.14,15
Fecal microbiota transplantation (FMT) refers to
the transfer of fecal material containing microorgan
isms from donor to recipient with the intent of
affecting the microbiota of the recipient.16 Using
preterm pigs, we recently showed that early neonatal
FMT shifted the gut microbiota toward anaerobicity,
increased circulating leukocyte levels, and protected
against NEC, but also involved severe tolerability
issues if administered orally, emphasizing that its
use can be a double-edged sword.17 Moreover,
FMT accelerates immune reconstitution after ABinduced microbiota depletion.18 The only current
clinical indication for FMT treatment is recurrent
Clostridioides difficile infection where FMT, besides
ensuring clinical remission, reduces the degree of AB
resistance.19 Similarly, FMT treatment may promote
immune maturation and reduce AB resistance in
AB-treated preterm neonates.
The aim of this study was to combine enteral AB
and rectal FMT, which both work well separately to
prevent NEC, into a more clinically efficient treat
ment paradigm that reduce the unwanted effects of
AB treatment such as AB resistance and arrested
immunity development. We hypothesized that
administration of enteral broad-spectrum AB fol
lowed by rectal FMT would effectively prevent NEC
with negligible changes in antibiotic resistance and
systemic immunity. To address this question, we
treated preterm pigs with enteral antibiotics for the
first four days of life followed by two days of rectal
FMT and performed clinical, microbiological, and
immunological evaluations on day 5 and 9.

Results
Enteral broad-spectrum antibiotics abolish the
clinical effect of fecal microbiota transplantation

Resuscitation after preterm cesarean delivery was
unsuccessful in nine of 76 animals, whereas the
remaining ones were evenly allocated into four
groups receiving enteral AB or control saline
(CON) followed by rectal FMT or control saline
(CON). Three allocated animals died early (exces
sive blood loss or respiratory failure), and another
four were euthanized ahead of schedule and
removed from the experiment due to iatrogenic
complications. Among the remaining 60 animals,
eight had to be euthanized preschedule [3 CONCON (all NEC), 2 AB-CON (both NEC), 2 ABFMT (both NEC), and 1 CON-FMT (sepsis/renal
failure)] but were included in the analyses. Of these,
none of the four AB-treated animals showed signs
of NEC during the AB treatment phase, whereas in
this period three CON-CON animals were eutha
nized and diagnosed with NEC.
NEC incidence was markedly reduced in sto
mach and small intestine after AB treatment
(CON-CON vs. AB-CON, p < .01, Figure 1a).
Conversely, the colonic NEC incidence was lowest
in FMT-treated animals without prior AB treat
ment (AB-FMT vs. CON-FMT, p < .001). Hence,
the overall NEC incidence was reduced only in the
CON-FMT group (p < .05 vs. AB-FMT).
Accordingly, the pathological severity of the sto
mach was clearly reduced by AB treatment (CONCON vs. AB-CON, p < .001), but the beneficial
effect was completely abolished by subsequent
FMT treatment (AB-CON vs. AB-FMT, p < .001).
Whereas no differences were observed in the small
intestine, the pathological severity in the colon was
reduced by FMT (CON-CON vs. CON-FMT,
p < .05), but only without prior AB treatment (ABFMT vs. CON-FMT, p < .01).
In the continuous clinical monitoring data, we
found beneficial effects during AB treatment that
largely disappeared after AB discontinuation. Body
growth rate was higher (p < .05, Figure 1b) and
diarrhea incidence lower (p < .05, Figure 1c) after
4 days in AB animals but not different at day 9.
Moreover, in-cage physical activity was higher in
AB animals until AB discontinuation (all p < .05,
Figure 1d), but after introduction of FMT, the
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Figure 1. Enteral broad-spectrum antibiotics abolish the clinical effect of fecal microbiota transplantation. (a). NEC incidences (left
panels) and lesion severities (right panels) in stomach, small intestine (SI) and colon by macroscopic pathological evaluation. Dotted
horizontal lines specify the criteria for NEC diagnosis (score > 3). (b-d). Growth rate, diarrhea and in-cage physical activity. (e). Stomach
emptying rate expressed as gastric residual volume after a timed standardized feeding bolus. (f-g). Bone marrow total bacterial density
and frequencies of dominant isolates summarized at genus level. Ordinal data (NEC scores) is presented as violin plots with the solid
horizontal line denoting the median value. Continuous data is presented as bar plots using means and standard error if normally
distributed or otherwise using box plots with median and Tukey whiskers. n = 13–16 per group for all analyses. For two-group
comparisons before day 5, *, ** and *** denote probability values of 0.05, 0.01 and 0.001. For four-group comparisons on day 9, data
not sharing the same superscript letter are significantly different at p < .05.

physical activity in the AB-FMT group decreased
relative to AB-CON on days 5 and 8 (both p < .05).
Functional tests of gastric emptying (Figure 1e) and
intestinal permeability (not shown) were not differ
ent among groups. However, AB-CON animals had
lower numbers of cultivable bacteria in the bone
marrow at euthanasia compared with CON-CON
(p < .05, figure 1f). Of note, the AB-FMT group had
significantly higher frequencies of Escherichia and
Clostridia isolates in bone marrow than CON-FMT
(both p < .05, Figure 1g).
Minor effects of enteral broad-spectrum antibiotics
and fecal microbiota transplantation on gut
microbiota composition

The colon bacterial microbiota in 9-day-old ani
mals was marginally affected by AB treatment
when assessed by qualitative measures of beta
diversity, whereas no effect of FMT was observed
(Figure 2a). Likewise, no difference in beta diversity
was observed for any treatment in Bray-Curtis and
weighted UniFrac dissimilarities (not shown).
Alpha diversity tended to decrease after AB treat
ment and increase after FMT, when expressed as
Shannon and Pielou’s evenness indices (AB-CON
vs. CON-FMT, both p < .05, Figure 2b), whereas the

number of observed species per sample was not
different among the groups (not shown). Single
taxa comparisons by ANCOM analysis yielded no
significant differences at any taxonomic hierarchy
from phylum to genus level (data summarized at
order level, Figure 2c).
Fecal microbiota transplantation reduces
antibiotics-induced cefotaxime resistance

On day 5, less than 12 h after the final AB treat
ment, the median bacterial concentration of enema
fluid was several orders of magnitude lower in AB
animals relative to CON on MacConkey [12.5(IQR:
6.9) vs 2.0(3.3)*10 CFU/ml, p < .001 by MannWhitney U test] and Slanetz-Bartley agar
[16.7(281) vs 3.9(1.9)*10 CFU/ml, p < .001].
Hence, only relative AB resistance was estimated
in these samples. At this time, the relative propor
tions of coliform bacteria and enterococci display
ing AB resistance were higher in AB-treated vs.
CON animals for all tested AB compounds except
ampicillin (Figure 3, upper panels).
Conversely, on day 9, five days after AB cessa
tion, we found similar total CFUs of coliforms and
enterococci across all four groups. Since
Enterobacteriaceae and Enterococcaceae together
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Figure 2. Minor effects of enteral broad-spectrum antibiotics and fecal microbiota transplantation on gut microbiota composition. (a).
Dissimilarity plots based on 16S rRNA gene amplicon sequencing data, visualizing differences in beta diversity of the colonic microbiota
after AB (upper) and FMT (lower) treatment using Jaccard (left) and Unweighted UniFrac distances (right). (b). Shannon and Pielou’s
evenness indices as measures of alpha diversity (data not sharing the same superscript letter are significantly different at p < .05). (c).
Relative colonic bacterial abundance presented as stacked bar graphs summarized at order level of taxonomic classification. n = 13–
16 per group for all analyses.

constituted more than 50% of colonic bacterial
abundance (Figure 2c), the absolute colonic bacter
ial load appeared similar among groups at this
stage. Importantly, increased CFUs of cefotaximeresistant coliforms after AB treatment decreased
to control levels after FMT treatment (AB-CON
vs. AB-FMT, p < .05, Figure 3, lower left panel).
AB treatment also selected for tetracycline- and

neomycin-resistant coliforms, but FMT had no
modulating effect on these. Moreover, AB treat
ment led to increased CFUs of ampicillin- and
gentamicin-resistant enterococci with no effect of
subsequent FMT treatment (Figure 3, lower right
panel). Expressing the day 9 data as relative AB
resistance yielded similar results (data not
shown).
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Figure 3. Fecal microbiota transplantation reduces antibiotics-induced cefotaxime resistance. Antibiotics resistant coliform bacteria
(left, MacConkey agar) and enterococci (right, Slanetz-Bartley agar) on day 5, shortly after AB discontinuation (upper, presented as
frequency of antibiotics resistant colony-forming units) and day 9, after subsequent FMT treatment (lower, presented as total number
of antibiotics resistant colony-forming units). n = 9–16 per group. Continuous data are presented as bar plots using means and
standard error if normally distributed or otherwise using box plots with median and Tukey whiskers. For two-group comparisons
on day 5, *, ** and *** denote probability values of 0.05, 0.01 and 0.001. For four-group comparisons on day 9, data not sharing the
same superscript letter are significantly different at p < .05.

Enteral broad-spectrum antibiotics reduce small
intestinal bacterial adhesion and mucosal immune
cell densities

Small intestinal tissue architecture was generally
intact, whereas colon microstructure was often
disrupted (e.g. by submucosal edema, blood
congestion/enlarged vessels, immune cell aggre
gation, pneumatosis intestinalis, or ulceration).
However, bacterial adhesion to the epithelium
was most pronounced in the distal small intes
tine where we found a dramatic reduction after
AB treatment (Figure 4a). Similarly, AB treat
ment decreased the CD3 stained area of the
small intestine (as a measure of T cell density)
relative to CON (p < .05 for AB-FMT vs CONFMT, Figure 4b). Moreover, the MPO staining
score of the small intestine (as a measure of

macrophage and neutrophil granulocyte den
sity) was significantly lower in both AB-treated
groups compared with CON (both p < .05,
Figure 4c), whereas FMT decreased the MPO
score in the colon, but only without prior AB
treatment (p < .05 for AB-FMT vs CON-FMT).
No obvious differences in mucin density were
observed, although densities in colon tended to
be higher in AB-treated animals (Figure 4d).
A consistent pattern of concentration levels
was found for the cytokines IL-6, CXCL-8 and
TNF-α in colon tissue with highest levels in the
CON-FMT group (all p < .05 vs. AB-FMT,
Suppl. Fig. S1). Cytokine levels measured in
small intestinal tissue homogenates (IL-1β,
CXCL-8, IL-10, and TNF-α) were not different
among groups (data not shown).
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Figure 4. Enteral broad-spectrum antibiotics reduce small intestinal bacterial adhesion and mucosal immune cell densities. (a).
Representative micrographs of AB-CON (left) and CON-CON (right) bacterial FISH stained small intestines. FISH stained tissue (small
intestine and colon) was evaluated using an ordinal density grading system (score 0–3). (b). Representative micrographs of CD3 stained
small intestines from AB-FMT (left) and CON-FMT (right) animals. The relative area of CD3 chromogenic signal in small intestines and
colon was quantified by image analysis. (c). Representative micrographs of MPO stained colon from the AB-FMT group (left) and CONFMT (right). Most AB-FMT tissue sections presented with MPO positive immune cell aggregates, pneumatosis intestinalis and
submucosal thickening, whereas the majority of CON-FMT tissue sections had normal appearance. MPO stained tissue was evaluated
using a composite ordinal grading system (0–7) consisting of MPO cell density (score 1–3) and severity/extent of MPO-associated
mucosa inflammation (score 0–4). D. Representative micrographs of mucin stained colonic tissue using AB-PAS histochemistry showing
AB-CON (left) and CON-CON (right) groups. The relative mucin stained area was quantified using image analysis. Ordinal data is
presented as violin plots with median (solid line) and interquartile range (dotted line). Continuous data is presented as box plots
showing medians and Tukey whiskers. n = 12–16 per group. Data not sharing the same letter are significantly different at p < .05. ABPAS, Alcian Blue-Periodic acid-Schiff; MPO, myeloperoxidase; FISH, fluorescent in situ hybridization.

Enteral broad-spectrum antibiotics attenuate blood
lymphocyte dynamics

On day 5, shortly after AB discontinuation, num
bers of circulating leukocytes as well as the lym
phoid subset were substantially higher in AB
animals compared with controls (both p < .001,
Figure 5a-B). At this stage, no differences were
observed for circulating T cell (CD3+ | FSC-SSC

lymphocyte gate, Figure 5c), TH (CD4+CD8− |
CD3+, Figure 5d) and TC (CD4+CD8− | CD3+,
Figure 5e) cell frequencies, whereas the Treg
(Foxp3+ | CD3+ CD4+) cell frequency was signifi
cantly increased in CON relative to AB animals
(p < .001, figure 5f). On day 9, five days after AB
discontinuation, the trend in circulating leukocyte
numbers was reversed and significantly lower in AB
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Figure 5. Enteral broad-spectrum antibiotics attenuate blood lymphocyte dynamics. (a-b). Total blood leukocyte and lymphocyte
counts. (c-f). Frequency of T cells (CD3+ lymphocytes), TH cells (CD3+CD4+CD8− lymphocytes), TC cells (CD3+CD4−CD8+ lymphocytes)
and Treg cells (CD3+CD4+Foxp3+ lymphocytes). Data are presented as means with standard errors. n = 6–16 per group. For two-group
comparisons on day 5, *** denotes a probability value of 0.001. For four-group comparisons on day 9, data not sharing the same
superscript letter are significantly different at p < .05.

animals (p < .05, Figure 5a) due to a robust increase
in CON-CON and CON-FMT from day 5 to 9 that
did not occur in the two AB-treated groups.
Circulating lymphocytes showed a similar trend
albeit not reaching significantly higher levels in
CON-CON and CON-FMT relative to AB-CON
and AB-FMT (Figure 5b). On day 9, the T cell
frequency was marginally increased in AB-CON
relative to CON-CON (p < .05, Figure 5c), whereas
none of the observed T cell subsets were different at
this stage. No lymphocyte subsets were affected by
FMT treatment.
Enteral broad-spectrum antibiotics perturb blood
myeloid cell composition and suppress immune
function

On day 5, at the time of AB discontinuation, circu
lating neutrophil levels were higher in AB animals
compared with CON (p < .01, Figure 6a). Four days
later, in accordance with trends observed for blood
lymphocytes, we recorded similar levels in AB ani
mals, whereas CON animals showed a fivefold

increase in neutrophil numbers compared
with day 5. The expansion of circulating neutrophil
numbers in CON relative to AB on day 9 was
accompanied by a reduction in phagocytic cell frac
tion and phagocytic capacity, reflecting an imma
ture functional state of these cells (AB-CON vs
CON-CON, both p < .05, Figure 6c-d). In contrast,
monocyte levels were elevated in CON relative to
AB animals already at five days of age, and several
folds higher on day 9 (all p < .05, Figure 6b). In an
assessment of immune response capacity ex vivo,
AB treatment attenuated TNF-α and IL-10 secre
tion relative to CON in both antigen-stimulated
and non-stimulated whole blood on day 5 (all
p < .05, Figure 6e). On day 9, TNF-α and IL-10
secretion was attenuated by AB relative to CON
only in LPS-stimulated whole blood irrespective of
subsequent FMT (all p < .05), while IL-10 was also
attenuated by AB in response to LTA stimulation
(AB-CON vs CON-CON, p < .05).
In addition, we found a uniform pattern of
decreased immune-related gene expression in ex
vivo LPS stimulated and unstimulated blood of AB-
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Figure 6. Enteral broad-spectrum antibiotics perturb blood myeloid cell composition and suppress immune function. (a-b). Total blood
neutrophil and monocyte counts. (c-d). Neutrophil ex vivo phagocytic cell frequency and capacity. (e). TLR2 (LTA) and TLR4 (LPS)
agonist stimulated cytokine secretion in ex vivo whole blood. Normally distributed data are presented as bar plots showing means with
standard errors, whereas non-normally distributed data is presented as box plots with Tukey whiskers. n = 8–16 per group. For twogroup comparisons on day 5, *, ** and *** denote probability values of 0.05, 0.01 and 0.001. For four-group comparisons on day 9, data
not sharing the same superscript letter are significantly different at p < .05.

CON and AB-FMT relative to CON-CON and
CON-FMT on day 9 (Table 1). Gene expression
changes occurred for most assessed genes related
with antigen recognition (TLR2/4), reactive
immune response (e.g. CXCL9/10, IFNG, IL12/17
as well as TH1/17 transcription factors TBX21 and
RORC, respectively), suppressive immune response
(IL10, TGFB1) and glucose metabolism (HK1,
PKM, PDHA1, and HIF1A). Collectively, major
development occurred over time in circulating lym
phoid and myeloid cellular composition and func
tion in CON animals, whereas no developmental
pattern was observed in animals receiving AB for
the first four days of life. Conversely, FMT had no
effect on systemic immunity, irrespectively of ante
cedent AB treatment.
Discussion

Contrary to our a priori assumption, the sequential
combination therapy of enteral neomycin and
amoxicillin-clavulanate treatment with FMT was
clinically inferior to both monotherapies in terms
of NEC development. The experimental design
allowed us to evaluate both isolated and combined

treatment effects. We initiated AB treatment
shortly after preterm birth, and the isolated clinical
effect of AB was characterized by a pronounced
NEC protection in stomach and small intestine,
whereas the colon was just as susceptible as in
controls. Importantly, onset of clinical signs never
occurred until after AB discontinuation, while signs
of NEC appeared earlier in control animals.
Accordingly, AB animals had a higher growth rate
and lower diarrhea incidence during AB treatment.
Conversely, the isolated effects of FMT, adminis
tered rectally on days 5–6 mainly prevented NEC in
the colon.
As such, it would seem plausible that the sequen
tial combination of enteral neomycin and amoxi
cillin-clavulanate with rectal FMT might act
synergistically to prevent lesions along the entire
gut. Instead, the group of animals receiving sequen
tial AB and FMT treatment had a NEC incidence
and lesion severity in each of the gastrointestinal
regions similar to untreated controls, suggesting an
antagonistic effect of enteral broad-spectrum AB on
subsequent FMT treatment. Interestingly, we found
consistently lower colonic cytokine levels in ABFMT compared with CON-FMT, possibly
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Table 1. Gene expression profile in ex vivo LPS-stimulated whole blood.
GENE
CXCL9
CXCL10
HIF1A
HK1
IFNG
IL10
IL12
IL17
PDHA1
PKM
RORC
PPARA
TBX21
TGFB1
TLR2
TLR4

LPS
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

CON-CON
1.00 ± 0.5ab
0.64 ± 0.2
1.00 ± 0.5 c
0.73 ± 0.4bc
1.00 ± 0.2
0.92 ± 0.1
1.00 ± 0.2
1.56 ± 0.3 c
1.00 ± 0.6ab
1.17 ± 0.9
1.00 ± 0.4ab
1.12 ± 0.3bc
1.00 ± 0.3
1.07 ± 0.3ab
1.00 ± 0.4b
1.04 ± 0.4ab
1.00 ± 0.1
1.05 ± 0.2ab
1.00 ± 0.2
1.20 ± 0.2b
1.00 ± 0.2ab
1.10 ± 0.2bc
1.00 ± 0.2b
0.79 ± 0.1
1.00 ± 0.3b
1.45 ± 0.5bc
1.00 ± 0.1b
0.83 ± 0.1ab
1.00 ± 0.3ab
1.80 ± 0.3ab
1.00 ± 0.3ab
1.95 ± 0.4b

AB-CON
0.22 ± 0.1ab
0.19 ± 0.1
0.16 ± 0.1ab
0.21 ± 0.1ab
0.61 ± 0.2
0.65 ± 0.1
0.69 ± 0.3
0.77 ± 0.2ab
0.15 ± 0.1a
0.17 ± 0.1
0.25 ± 0.2a
0.36 ± 0.1ab
0.33 ± 0.2
0.30 ± 0.1ab
0.22 ± 0.1a
0.11 ± 0.1a
0.81 ± 0.2
0.72 ± 0.1a
0.73 ± 0.2
0.63 ± 0.1a
0.54 ± 0.2ab
0.40 ± 0.1a
0.75 ± 0.1ab
0.75 ± 0.1
0.46 ± 0.1a
0.67 ± 0.1ab
0.76 ± 0.2a
0.68 ± 0.1ab
0.46 ± 0.2a
0.99 ± 0.3a
0.42 ± 0.2a
0.65 ± 0.2a

AB-FMT
0.08 ± 0.0a
0.09 ± 0.0
0.09 ± 0.0a
0.17 ± 0.1a
0.64 ± 0.2
0.53 ± 0.1
0.35 ± 0.1
0.45 ± 0.1a
0.08 ± 0.0a
0.04 ± 0.0
0.17 ± 0.1ab
0.25 ± 0.1a
0.47 ± 0.2
0.42 ± 0.2a
0.24 ± 0.1a
0.28 ± 0.2a
0.82 ± 0.1
0.80 ± 0.1a
0.83 ± 0.3
0.63 ± 0.1a
0.43 ± 0.1a
0.45 ± 0.1ab
1.15 ± 0.2b
0.79 ± 0.1
1.05 ± 0.6ab
0.58 ± 0.2a
0.77 ± 0.1ab
0.59 ± 0.1a
0.40 ± 0.1a
0.76 ± 0.1a
0.25 ± 0.1a
0.52 ± 0.2a

CON-FMT
1.52 ± 1.1b
0.32 ± 0.1
0.71 ± 0.4bc
0.57 ± 0.2 c
0.92 ± 0.2
0.89 ± 0.1
0.75 ± 0.2
1.24 ± 0.2bc
1.61 ± 0.6b
0.38 ± 0.1
0.92 ± 0.2b
1.14 ± 0.1 c
0.89 ± 0.4
1.76 ± 0.5b
0.57 ± 0.3ab
1.13 ± 0.4b
0.99 ± 0.2
1.45 ± 0.2b
1.04 ± 0.3
1.29 ± 0.2b
1.26 ± 0.4b
1.61 ± 0.5 c
0.53 ± 0.1a
0.81 ± 0.1
1.03 ± 0.3ab
1.21 ± 0.3 c
0.76 ± 0.1ab
1.06 ± 0.2b
1.50 ± 0.3b
2.32 ± 0.3b
1.56 ± 0.3b
1.87 ± 0.1b

Target genes are ordered alphabetically according to gene name. Only genes with significant group effects are shown. Data is presented as means with standard
errors. For each primer assay, the mean expression level of the control group (CON-CON) has been normalized to 1 and all values scaled accordingly. Group
values in each row not sharing the same superscript letter are significantly different at a probability of 0.05 or lower.

indicating AB-induced hyporesponsiveness toward
FMT bacteria. Furthermore, we found a much
higher number of AB-FMT animals colonized
with Escherichia coli and Clostridium perfringens
in the bone marrow relative to CON-FMT.
Possibly, the low gut bacterial density and hypor
esponsive mucosal immune cells following AB
treatment allow subsequent FMT-derived opportu
nistic pathogenic bacteria to occupy mucosal niches
that would otherwise be inaccessible due to host
defense mechanisms and the presence of commen
sal bacteria. We did not measure stool AB concen
trations and hence cannot exclude that residual AB
has affected the subsequent FMT response.
Clinical epidemiological data shows that pro
longed intravenous AB exposure is associated with
an increased risk of NEC in preterm infants,10,11,20
whereas short-duration early postnatal AB treatment
is associated with a decreased risk.21 However, these
studies could be biased by unrecognized comorbidities and should be interpreted with caution.
Placebo-controlled trials (7–24 days) of early-

initiated enteral aminoglycosides performed in pre
term infants collectively indicate a beneficial effect
on NEC occurrence,7 primarily driven by a single
trial showing a robust protective effect of 7 days of
early enteral vancomycin treatment.22 In experimen
tal models, the effect of enteral broad-spectrum AB is
striking with complete protection against NEC
development.8,9 However, these studies do not
monitor clinical response, and microbiota and
immune development beyond AB discontinuation.
We previously reported no adverse clinical effects six
days after discontinuation of a 5-day course of com
bined enterally and intravenously administered gen
tamicin, ampicillin, and metronidazole in a single
litter of preterm formula-fed pigs,23 which is in
sharp contrast to the current unequivocal finding
of high colonic NEC incidence after AB discontinua
tion across three pig litters. This inconsistency could
be due to differences in study design including AB
compounds used, administration route or speed of
enteral feeding advancement.23 As such, enteral
broad-spectrum AB appears beneficial against NEC
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lesions of the stomach and small intestines, but dis
continuation is associated with substantial colonic
pathology.
The beneficial effect of FMT is a confirmation of
a previous observation of ours, wherein preterm
pigs received rectal FMT shortly after birth, which
led to a substantially reduced risk of NEC.17 The
donor fecal material used in the current experiment
originates from the same batch that we used in the
previous report. However, the NEC incidence in
the current experiment was 31% relative to 12%
previous achieved, and the relative risk reduction
of 54% relative to 75% in the previous experiment.
The most likely explanation for this difference in
efficacy is the delayed time of FMT treatment initia
tion in the current study (day five vs day one),
which implies that FMT is less likely to alleviate
developing NEC relative to preventing it from birth
before disease onset. Moreover, the timing of FMT
treatment may affect the engraftment potential of
the FMT donor bacteria, which may in turn affect
the clinical outcome. We previously observed
robust changes in the gut microbiota composition
of preterm pigs receiving FMT on the day of birth
including enrichment of Lactobacillus and
Bacteroides that were likely donor-engrafted.17 In
the current study, we found that FMT had much
less impact on the gut microbiota composition,
when administered on day 5, either with or without
antecedent neomycin and amoxicillin-clavulanate.
The relative abundance of Lactobacillus and
Bacteroides in FMT recipients were lower than pre
viously reported and not different from controls. In
fact, no single bacterial genus was significantly dif
ferent between any of the four groups assessed.
At the time of euthanasia (day 9), the animals
had almost reached the same age as their FMT
donor (10 days of age). Regardless, their gut micro
biota composition was profoundly different.
Whereas the donor microbiota was abundant in
several anaerobic taxa and Lactobacillus as the
major facultative genus,17 the majority of preterm
pigs, irrespective of treatment group, had
a facultative dysbiosis with dominance of either
Lactobacillales (Enterococcus) or Enterobacteriales.
Arguably, in this setting, the natural transition
from facultative to obligate anaerobicity is con
strained by factors such as host prematurity, cesar
ean delivery, artificial rearing, formula feeding, or

a combination thereof. Collectively, this might
explain why the effects of enteral neomycin and
amoxicillin-clavulanate as well as FMT on the gut
microbiota were relatively minor.
Epithelial oxygen retention is a key factor for gut
colonization by anaerobic bacteria, and is inhibited
by AB treatment, thereby increasing luminal oxy
gen concentration.24 This may lead to resistance to
anaerobic colonization, delaying the natural gut
microbiota development and in turn create
a favorable niche for opportunistic facultatives.25
Indeed, although the utilized donor feces were
overall beneficial, we recently identified invasive
pathogenic Escherichia coli in this material (unpub
lished data). In a setting of low gut bacterial density
and high luminal oxygen pressure after enteral
broad-spectrum AB treatment, FMT-derived anae
robes might fail to engraft, whereas pathogenic
E. coli could thrive. A study in newborn mice like
wise indicated that in a setting of maternal genta
micin-induced gut dysbiosis, FMT failed to
promote anaerobic colonization and epithelial oxy
gen retention.26 Hence, age might determine to
what extent FMT engrafts its recipient, as an ante
cedent cocktail of neomycin, vancomycin and
ampicillin appears to facilitate FMT engraftment
in older individuals.27 Moreover, autologous FMT
is superior to spontaneous recolonization and pro
biotics at reconstituting ciprofloxacin/metronida
zole-induced dysbiosis in human adults,28 but
autologous FMT is unlikely to be as effective in
preterm infants due to their dynamic gut
microbiota.
We previously observed that the gut microbiota
in AB-treated preterm pigs (ampicillin, gentamicin,
metronidazole
cocktail)
was
completely
dominated by ampicillin/gentamicin resistant
Enterobacteriaceae.9 The current data then indicate
that Enterococci quickly recolonizes the colon fol
lowing AB discontinuation. On the other hand, we
found increases in AB resistant coliforms and
Enterococci four days after AB treatment disconti
nuation. Hence, whereas the gut microbiota com
position appears dynamic, it maintains its
antibiotic resistance capacity, at least short term.
We found resistance toward ampicillin across all
groups, but apart from that, AB treatment was
selected for resistance toward a spectrum of AB
compounds, including drugs not used in the
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treatment cocktail. Most importantly, AB treatment
increased the abundance of cefotaxime resistance
among coliforms (mainly Enterobacter cloacae and
Pseudomonas aeruginosa), which is a feature of
multi-drug resistant organisms. These bacteria are
clinically challenging to manage and pose a serious
threat to compromised patients such as preterm
infants.29 Interestingly, FMT treatment reduced
levels of cefotaxime resistance after AB treatment,
which warrants further investigation. On the other
hand, FMT is also capable of transmitting AB resis
tance genes to recipients, and likely to a greater
degree if the recipient microbiota is naïve or dys
biotic, emphasizing the need for rigorous screening
of donor stool.30
The distinct patterns of gross pathology between
small intestine and colon among the treatment
groups were recapitulated on the microscopic tissue
level. We performed a series of basic stainings to
assess epithelial barrier function and immune cell
distribution. Principally, enteral neomycin and
amoxicillin-clavulanate
treatment
markedly
reduced the extent of epithelial bacteria adhesion
in the small intestine, which was in line with a lower
overall density of cultivable bacteria in the bone
marrow, reflecting gut translocation in the first
days after preterm birth. This was accompanied
by lower small intestinal myeloid cell density.
However, across all groups both T cells and mye
loid cells were evenly scattered throughout
a structurally intact small intestinal mucosa, sug
gesting that the increased cell density in animals
not treated with AB was due to microbiotadependent immune maturation and not bona fide
inflammation. Conversely, colonic myeloid cell
staining showed very low MPO expression (and
largely intact tissue structure) only in the CONFMT group, whereas the remaining groups had
MPO-positive inflammatory foci in mucosa and
submucosa, often in association with intramural
gas pockets. As such, MPO-staining was the only
histological measure that was well correlated with
gross pathological NEC assessment.
Gut colonization influences not only mucosal
immune
cell
compartments
but
also
14,15
hematopoiesis,
and consequently, enteral
broad-spectrum AB use in the neonatal period has
a large impact on developing immunity, raising
concerns about both short- and long-term issues
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of neonatal AB exposure. In this experiment, we
performed blood lymphocyte profiling and assessed
blood myeloid cell function at the time of AB dis
continuation and again at euthanasia. Five days
after the final AB treatment, no numerical develop
ment had occurred in the circulating leukocyte
pool. Moreover, AB-treated animals displayed sys
temic immune suppression, shown by diminished
gene response and cytokine secretion following
bacterial antigen challenge. This indicates the exis
tence of a significant lag phase between gut recolo
nization following early enteral broad-spectrum AB
treatment and subsequent immune cell expansion,
and could be a window of heightened infection risk.
Conversely, control animals had a transient
decrease in circulating lymphocytes and neutro
phils on day 5, possibly due to gut homing in
response to colonization, both of which had replen
ished and expanded in numbers on day 9.
Moreover, the phagocytic capacity of neutrophils
in control animals was decreased at the late stage,
indicating myelopoietic activity and recruitment of
newly differentiated cells. NEC status was not asso
ciated with changes in systemic immune
parameters.
While we did not challenge the immune capa
city of these animals, we postulate that newborns
treated with enteral broad-spectrum AB are less
competent at clearing a secondary systemic bac
terial infection for a certain period after AB
discontinuation. Similarly, newborn mice with
AB-induced myelopenia are more susceptible to
neonatal sepsis.14,15 Moreover, septic preterm
infants but not matched controls have
a facultative dysbiosis closely resembling that of
the preterm pig,31,32 collectively linking enteral
AB-induced gut dysbiosis and arrested immune
development with increased risk of neonatal sep
sis. Of note, in this experiment, FMT did not
affect any systemic immune parameters, which
we had anticipated based on observations of
increased blood lymphocytes and neutrophils in
our previous FMT experiment as well as reports
of accelerated immune reconstitution by FMT
following AB-induced decolonization in older
individuals.17,18
Unlike previous reports in adult individuals,
reconstituting the gut microbiota using FMT after
enteral broad-spectrum AB treatment, we show
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that this procedure is detrimental to preterm pigs.
As this is the first study to examine this interaction
in neonates, we still need to uncover how changes
to important factors such as AB compounds, FMT
donor bacteria (e.g. selecting beneficial consortia),
dosing, timing, duration, and routes of administra
tion may affect the integrated response. If properly
optimized, one might turn the antagonistic rela
tionship between
AB
and
FMT into
a synergistic one.

Materials and methods
Birth, resuscitation and group allocation

Animal experimental procedures were approved by
the Danish Animal Experiments Inspectorate
(license number, 2014–15-0201-00418), which is
in accordance with the guidelines from Directive
2010/63/EU of the European Parliament. Seventysix crossbred piglets [(Landrace x Large white)
x Duroc mixed donor semen] were delivered by
cesarean section at ~90% gestation (day 106 ± 1)
from three healthy sows. Briefly, sows were preme
dicated (1 mg/kg tiletamin, 1 mg/kg zolazepam,
0.4 mg/kg butorphanol) and surgical anesthesia
was induced and maintained with propofol and
2% isoflurane inhalation. A uterine incision was
made, and fetuses removed after ligating and trans
ecting the umbilical cords. Once delivered, the
newborn animals were housed in ventilated, pre
heated (37°C) individual incubators with initial
oxygen supply (1–2 l/min). For resuscitation, ani
mals received Doxapram (0.1 ml/kg im.),
Flumazenil (0.1 ml/kg im.), physical stimulation
and positive airway pressure ventilation until
respiration had stabilized. Animals were then fitted
with umbilical (4 Fr gauge) and orogastric (6 Fr
gauge) catheters, and administered an 8 h contin
uous intra-arterial infusion of 16 ml/kg sow plasma
to compensate for the lack of transplacental immu
noglobulin transfer. Pigs were stratified according
to gender and birth weight and randomly allocated
to four groups (CON-CON, AB-CON, AB-FMT
and CON-FMT), initially receiving antibiotic treat
ment (AB) or control treatment (CON), followed
by FMT or control treatment (CON) in a 2
x 2-factorial experiment.

Feeding, antibiotics and fecal microbiota
transplantation

Animals received infant formula by oro-gastric
tube feeding every 3 hours in gradually increasing
amounts from day 1–9 (16–112 ml/kg/d) with
decreasing parenteral nutrition supplement [144–
48 ml/kg/d Kabiven (Fresenius Kabi)]. Infant for
mula composition is presented in Supplementary
table S1. Animals in the AB groups (AB-CON and
AB-FMT) received an enteral AB cocktail twice
daily for the first four days of life. The cocktail
consisted of 50/12.5 mg/kg/d amoxicillin and cla
vulanic acid and 50 mg/kg/d neomycin. Control
animals (CON-CON and CON-FMT) received
water instead of the AB cocktail.
Donor fecal material was collected, handled, and
prepared as previously described, and derived from
the same batch that had shown beneficial effects
against NEC.17 Before use, the frozen donor feces
was thawed and diluted in sterile saline to working
concentration (50 mg raw colon content per ml).
Animals in the FMT groups (AB-FMT and CONFMT) received a rectal inoculation of 0.5 ml FMT
working solution twice daily on days 5 and 6 by
inserting a soft cannula (6 Fr gauge) 5 cm into the
rectum. Control animals (AB-CON and CONCON) were subjected to the same procedure with
sterile saline. The washout period between the final
antibiotic treatment and the first FMT was
exactly 12 h.

Clinical assessment and in vivo procedures

Experienced personnel performed frequent clinical
assessments throughout the study and euthanized
any animal that would present with clinical signs of
NEC or systemic illness (bloated abdomen, disco
loration, circulatory and respiratory failure, uncon
sciousness). Stool characteristics (consistency and
volume) were assessed daily, and diarrhea inci
dence reported. In-cage physical activity was mea
sured with continuous infrared video surveillance
connected to a motion detection software
(PigLWin, Ellegaard Systems).33
On day 5, between the last AB treatment and the
first FMT, animals were given an enema (3 ml/kg
sterile saline) to recover a fraction of rectal content
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for AB resistance analysis. On day 5 and 9, arterial
blood was collected from the umbilical catheter for
immunity assays. On day 9, 3 hours before sched
uled euthanasia, animals received 15 ml/kg of a 5/
5% w/v lactulose and mannitol solution in the orogastric catheter to measure intestinal permeability,
and 1 hour before euthanasia, animals were given
a 15 ml/kg infant formula bolus to assess gastric
emptying rate.
Euthanasia, necropsy and tissue collection

On day nine, following four days of AB, two days of
FMT and a three-day follow-up, animals were deeply
anesthetized and euthanized with an intracardiac
injection of barbiturate. After abdominal incision,
urine was collected by bladder puncture for lactulose
and mannitol measurement as previously
described.34 Abdominal organs were excised and
weighed including stomach residual content.
Pathological changes to the stomach, small intestine,
and colon were assessed in accordance with an estab
lished six-grade NEC scoring system.17 NEC was
defined as pathology grade 4 (extensive hemorrhage)
in at least one gastrointestinal segment, and both
incidence and severity were reported. Colon content
was collected and immediately subjected to pheno
typic antibiotic resistance analysis or snap-frozen for
gut microbiota analysis. Small intestinal and colonic
tissues were snap-frozen and immersion fixed in 4%
paraformaldehyde for later analyses. Finally, a bone
marrow biopsy was collected for clinical microbiol
ogy, after dissecting and aseptically opening the dis
tal epiphysis of the left femur. Bone marrow biopsies
were homogenized in sterile saline, serially diluted,
seeded onto tryptic soy agar with 5% calf blood, and
incubated under aerobic conditions for 24 hours.
Afterward, colonies were enumerated, subcultured,
and isolates identified to species level by matrixassisted laser desorption/ionization time-of-flight
(Maldi-TOF) mass spectrometry (Vitek MS RUO,
bioMerieux) using Escherichia coli ATCC 8739 as
reference strain and the software Saramis TM 3.5
(bioMerieux) for spectra interpretation.
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NextSeq PE150 amplicon sequencing (Illumina).
Total cellular DNA from colon content collected at
euthanasia was extracted using Bead-Beat Micro AX
Gravity Kit (A&A Biotechnology,) according to the
manufacturer’s instructions. Library preparation fol
lowed a previously published protocol.35 For bioin
formatics processing, the raw sequencing reads were
merged and trimmed. Chimeras were removed and
zero-radius Operational Taxonomic Units (zOTUs)
constructed using UNOISE algorithm implemented
in Vsearch.36–38 Greengenes (version 13.8) database
was used as reference for annotation. Qiime2
(2019.04) was used to process the forward analysis.
Rare zOTUs with frequency below 0.1% of the mini
mal sample depth were filtered and removed, and the
zOTU table was rarified to adequate sample depth
(4500 counts) for alpha and beta diversity calculation
based on rarefaction curve. Principal coordinate ana
lysis (PCoA) was conducted on Jaccard, Bray-Curtis,
unweighted and weighted UniFrac distances,
a PERMANOVA test was performed to detect sta
tistical difference between groups, and probability
values were adjusted after pairwise testing. Specific
taxa comparison among groups was analyzed by
ANCOM with default qiime2 settings used to test
statistically significant difference.
Antibiotic resistance

Day-5 enema fluid and day-9 colon content were
serially diluted in saline, and 20 µl triplicates seeded
onto MacConkey agar (coliforms) supplemented
with 1 µg/ml cefotaxime, 16 µg/ml tetracycline,
32 µg/ml ampicillin or 16 µg/ml neomycin, and
onto Slanetz-Bartley agar (enterococci) with 16 µg/
ml ampicillin or 128 µg/ml gentamicin. The same
agar plates without antibiotics served as normaliza
tion factor in day-5 enema fluid, and as reference
in day-9 colon content. MacConkey agar plates were
incubated for 24 h at 37°C, and Slanetz-Bartley cul
tures for 48 h at 42°C. Total colonies were enumer
ated, and dominant morphotypes were sub-cultured
and identified by Maldi-TOF as described above.

Gut microbiota composition

Gut histological analyses and cytokine
measurements

Gut microbiota composition was determined by 16S
rRNA gene (V3-region) amplicon high throughput

Duplicate distal small intestinal and colonic tissue
biopsies were embedded in paraffin, and four serial
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5 µm sections were used for bacterial visualization
by fluorescence in situ hybridization,9 mucin visua
lization by Alcian Blue-Periodic acid-Schiff
staining,17 and T cell (anti-porcine CD3, clone
4510–01, Southern Biotech) and neutrophil/macro
phage immune staining (anti-human MPO, clone
A0398, Agilent). Anti-CD3 stained area was quan
tified by image analysis using the color deconvolu
tion function in the ImageJ software package
(National Institutes of Health,), whereas antiMPO-stained sections were graded according to
cellular density and degree of tissue inflammation
by a blinded investigator. Cytokine (IL-1β, IL-6,
CXCL-8, IL-10, TNF-α) concentrations in distal
small intestinal and colonic tissue homogenates
were measured using porcine specific DuoSet
enzyme-linked immunosorbent assays (R&D
Systems).
Systemic immune cell profiling and functional
assays

Blood samples collected on day 5 (after the last AB
treatment) and day 9 (euthanasia) were subjected to
routine hematology analysis (Advia 2120i
Hematology System, Siemens), T cell profiling and
neutrophil phagocytosis by flow cytometry, and
toll-like receptor (TLR) stimulated immune
response assay. T cell profiling and neutrophil pha
gocytosis assays were performed as previously
described using similar antibodies, reagents, and
equipment.39 T cell subsets were identified as
helper T cells (TH, CD3+CD4+CD8− lymphocytes),
cytotoxic T cells (TC, CD3+CD4−CD8+ lympho
cytes)
and
regulatory
T
cells
(Treg,
CD3+CD4+Foxp3+ lymphocytes). In the TLR sti
mulation assay, fresh whole blood was treated
with 1 µg/mL lipopolysaccharide (LPS-EB, from E.
coli O111:B4, Invivogen) or 5 µg/mL lipoteichoic
acid (LTA-SA, from S. aureus, Invivogen) for 5 h at
37°C and 5% CO2. Stimulated blood was split into
two aliquots and either centrifuged (2000 x g,
10 min, 4°C) and supernatant collected for ELISA
measurements of TNF-α (DY690B, R&D Systems)
and IL-10 (DY693B, R&D Systems) protein levels,
or mixed with MagMAX lysis/binding solution
(Thermo Fisher) and RNA extracted, for gene
expression analysis as previously described.40
Relative mRNA expression of target genes was

normalized to the expression level of the reference
gene HPRT1. All primers were designed using
Primer-Blast (National Institutes of Health) with
sequences listed in Supplemental Table S2.
Statistics

Categorical data (NEC, diarrhea, and bone marrow
colonization incidence) were analyzed by Fisher’s
exact test. Ordinal data (NEC severity, and MPO
and bacterial FISH staining) were analyzed using
ordered logistic regression (R-studio’s polr pack
age) with Tukey’s posthoc testing of pairwise dif
ferences. Remaining continuous data were analyzed
using a linear group-effects model with Tukey’s
posthoc testing of pairwise differences between
the four groups. All models were adjusted for litter,
gender, and birth weight. For continuous datasets,
non-normally distributed data were logtransformed to fit model assumptions. If this was
not achieved, a Kruskal-Wallis test with Dunn’s
post hoc testing was used instead. All statistical
analyses were performed in R-studio v1.1.456.
Test probability values below 0.05 were considered
significant.
Disclosure of potential conflicts of interest
No potential conflicts of interest were disclosed.

Funding
The study was supported by a grant from Independent
Research Fund Denmark. The funding body had no influence
on study design, result intepretation and paper writing
process.

ORCID
Anders Brunse
http://orcid.org/0000-0002-0199-3417
Duc Ninh Nguyen
http://orcid.org/0000-0002-4997-555X

References
1. La Rosa PS, Warner BB, Zhou Y, Weinstock GM,
Sodergren E, Hall-Moore CM, Stevens HJ,
Bennett WE, Shaikh N, Linneman LA, et al. Patterned
progression of bacterial populations in the premature
infant gut. Proc Natl Acad Sci. 2014;111:12522–12527.
doi:10.1073/pnas.1409497111.

GUT MICROBES

2. Grier A, Qiu X, Bandyopadhyay S, Holden-Wiltse J,
Kessler HA, Gill AL, Hamilton B, Huyck H, Misra S,
Mariani TJ, et al. Impact of prematurity and nutrition
on the developing gut microbiome and preterm infant
growth. Microbiome. 2017;5:158. doi:10.1186/s40168017-0377-0.
3. Korpela K, Blakstad EW, Moltu SJ, Strømmen K,
Nakstad B, Rønnestad AE, Brække K, Iversen PO,
Drevon CA, de Vos W. Intestinal microbiota develop
ment and gestational age in preterm neonates. Sci Rep.
2018;8:2453. doi:10.1038/s41598-018-20827-x.
4. Neu J, Walker WA. Necrotizing enterocolitis. N Engl
J Med. 2011;364:255–264. doi:10.1056/NEJMra1005408.
5. Pammi M, Cope J, Tarr PI, Warner BB, Morrow AL,
Mai V, Gregory KE, Kroll JS, McMurtry V, Ferris MJ,
et al. Intestinal dysbiosis in preterm infants preceding
necrotizing enterocolitis: a systematic review and
meta-analysis. Microbiome. 2017;5:31. doi:10.1186/
s40168-017-0248-8.
6. Stewart CJ, Embleton ND, Marrs ECL, Smith DP,
Nelson A, Abdulkadir B, Skeath T, Petrosino JF,
Perry JD, Berrington JE, et al. Temporal bacterial and
metabolic development of the preterm gut reveals spe
cific signatures in health and disease. Microbiome.
2016;4:67. doi:10.1186/s40168-016-0216-8.
7. Bury RG, Tudehope D. Enteral antibiotics for prevent
ing necrotizing enterocolitis in low birthweight or pre
term infants. Cochrane Database Syst Rev. 2001;1:
CD000405.
8. Sodhi CP, Neal MD, Siggers R, Sho S, Ma C, Branca MF,
Prindle T, Russo AM, Afrazi A, Good M, et al. Intestinal
epithelial toll-like receptor 4 regulates goblet cell devel
opment and is required for necrotizing enterocolitis in
mice.
Gastroenterology.
2012;143:708–718.e5.
doi:10.1053/j.gastro.2012.05.053.
9. Birck MM, Nguyen DN, Cilieborg MS, Kamal SS,
Nielsen DS, Damborg P, Olsen JE, Lauridsen C,
Sangild PT, Thymann T. Enteral but not parenteral
antibiotics enhance gut function and prevent necrotiz
ing enterocolitis in formula-fed newborn preterm pigs.
Am J Physiol Gastrointest Liver Physiol. 2016;310:
G323–33. doi:10.1152/ajpgi.00392.2015.
10. Cotten CM, Taylor S, Stoll B, Goldberg RN, Hansen NI,
Sánchez PJ, Ambalavanan N, Benjamin DK, NICHD
Neonatal Research Network. Prolonged duration of
initial empirical antibiotic treatment is associated with
increased rates of necrotizing enterocolitis and death for
extremely low birth weight infants. Pediatrics.
2009;123:58–66. doi:10.1542/peds.2007-3423.
11. Greenwood C, Morrow AL, Lagomarcino AJ, Altaye M,
Taft DH, Yu Z, Newburg DS, Ward DV, Schibler KR.
Early empiric antibiotic use in preterm infants is asso
ciated with lower bacterial diversity and higher relative
abundance of enterobacter. J Pediatr. 2014;165:23–29.
doi:10.1016/j.jpeds.2014.01.010.
12. Zhang L, Huang Y, Zhou Y, Buckley T, Wang HH.
Antibiotic administration routes significantly influence

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

e1849997-15

the levels of antibiotic resistance in gut microbiota.
Antimicrob Agents Chemother. 2013;57:3659–3666.
doi:10.1128/AAC.00670-13.
Zhou Y, Li Y, Zhang L, Wu Z, Huang Y, Yan H,
Zhong J, Wang L-J, Abdullah HM, Wang HH.
Antibiotic administration routes and oral exposure to
antibiotic resistant bacteria as key drivers for gut micro
biota disruption and resistome in poultry. Front
Microbiol.
2020;11:1319.
doi:10.3389/
fmicb.2020.01319.
Deshmukh HS, Liu Y, Menkiti OR, Mei J, Dai N,
O’Leary CE, Oliver PM, Kolls JK, Weiser JN,
Worthen GS. The microbiota regulates neutrophil
homeostasis and host resistance to Escherichia coli K1
sepsis in neonatal mice. Nat Med. 2014;20:524–530.
doi:10.1038/nm.3542.
Khosravi A, Yáñez A, Price JG, Chow A, Merad M,
Goodridge HS, Mazmanian SK. Gut microbiota pro
mote hematopoiesis to control bacterial infection. Cell
Host Microbe. 2014;15:374–381. doi:10.1016/j.
chom.2014.02.006.
Hoffmann DE, Palumbo FB, Ravel J, Rowthorn V, von
Rosenvinge E. A proposed definition of microbiota
transplantation for regulatory purposes. Gut Microbes.
2017;8:208–213. doi:10.1080/19490976.2017.1293223.
Brunse A, Martin L, Rasmussen TS, Christensen L,
Skovsted Cilieborg M, Wiese M, Khakimov B,
Pieper R, Nielsen DS, Sangild PT, et al. Effect of fecal
microbiota transplantation route of administration on
gut colonization and host response in preterm pigs.
Isme J. 2019;13:720–733. doi:10.1038/s41396-0180301-z.
Ekmekciu I, von Klitzing E, Neumann C, Bacher P,
Scheffold A, Bereswill S, Heimesaat MM. Fecal micro
biota transplantation, commensal Escherichia coli and
Lactobacillus johnsonii strains differentially restore
intestinal and systemic adaptive immune cell popula
tions following broad-spectrum antibiotic treatment.
Front Microbiol. 2017;8:2430.
Millan B, Park H, Hotte N, Mathieu O, Burguiere P,
Tompkins TA, Kao D, Madsen KL. Fecal microbial
transplants reduce antibiotic-resistant genes in patients
with recurrent Clostridium difficile infection. Clin Infect
Dis. 2016;62:1479–1486. doi:10.1093/cid/ciw185.
Cantey JB, Pyle AK, Wozniak PS, Hynan LS, Sánchez PJ.
Early antibiotic exposure and adverse outcomes in pre
term, very low birth weight infants. J Pediatr.
2018;203:62–67. doi:10.1016/j.jpeds.2018.07.036.
Li Y, Shen RL, Ayede AI, Berrington J, Bloomfield FH,
Busari OO, Cormack BE, Embleton ND, van
Goudoever JB, Greisen G, et al. Early use of antibiotics
is associated with a lower incidence of necrotizing
enterocolitis in preterm, very low birth weight infants:
the NEOMUNE-NeoNutriNet cohort study. J Pediatr.
2020. doi:10.1016/j.jpeds.2020.06.032.
Siu YK, Ng PC, Fung SC, Lee CH, Wong MY, Fok TF,
So KW, Cheung KL, Wong W, Cheng AF. Double blind,

e1849997-16

23.

24.

25.

26.

27.

28.

29.

30.

31.

A. BRUNSE ET AL.

randomised, placebo controlled study of oral vancomycin
in prevention of necrotising enterocolitis in preterm, very
low birthweight infants. Arch Dis Child Fetal Neonatal
Ed. 1998;79:F105–9. doi:10.1136/fn.79.2.F105.
Jensen ML, Thymann T, Cilieborg MS, Lykke M,
Mølbak L, Jensen BB, Schmidt M, Kelly D, Mulder I,
Burrin DG, et al. Antibiotics modulate intestinal immu
nity and prevent necrotizing enterocolitis in preterm
neonatal piglets. Am J Physiol Gastrointest Liver
Physiol. 2014;306:G59–71. doi:10.1152/ajpgi.00213.2013.
Kelly CJ, Zheng L, Campbell EL, Saeedi B, Scholz CC,
Bayless AJ, Wilson KE, Glover LE, Kominsky DJ,
Magnuson
A,
et
al.
Crosstalk
between
microbiota-derived short-chain fatty acids and intest
inal epithelial HIF augments tissue barrier function.
Cell Host Microbe. 2015;17:662–671. doi:10.1016/j.
chom.2015.03.005.
Rooney AM, Timberlake K, Brown KA, Bansal S,
Tomlinson C, Lee K, Science M, Coburn B. Each
additional day of antibiotics is associated with lower
gut anaerobes in neonatal intensive care unit patients.
Clin Infect Dis. 2019;70:2553-2560.
Singer JR, Blosser EG, Zindl CL, Silberger DJ, Conlan S,
Laufer VA, DiToro D, Deming C, Kumar R, Morrow CD,
et al. Preventing dysbiosis of the neonatal mouse intestinal
microbiome protects against late-onset sepsis. Nat Med.
2019;25:1772–1782. doi:10.1038/s41591-019-0640-y.
Ji SK, Yan H, Jiang T, Guo CY, Liu JJ, Dong SZ,
Yang KL, Wang YJ, Cao ZJ, Li SL. Preparing the gut
with antibiotics enhances gut microbiota reprogram
ming efficiency by promoting xenomicrobiota
colonization. Front Microbiol. 2017;8:1208.
Suez J, Zmora N, Zilberman-Schapira G, Mor U, DoriBachash M, Bashiardes S, Zur M, Regev-Lehavi D, BenZeev Brik R, Federici S, et al. Post-antibiotic gut muco
sal microbiome reconstitution is impaired by probiotics
and improved by autologous FMT. Cell. 2018;174:1406–
1423.e16. doi:10.1016/j.cell.2018.08.047.
Zhu M, Jin Y, Duan Y, He M, Lin Z, Multi-Drug
Resistant LJ. Escherichia coli causing early-onset neo
natal sepsis – a single center experience from China.
Infect Drug Resist. 2019;12:3695–3702. doi:10.2147/
IDR.S229799.
Liu H, Wang HH. Impact of microbiota transplant on
resistome of gut microbiota in gnotobiotic piglets and
human subjects. Front Microbiol. 2020;11:932.
doi:10.3389/fmicb.2020.00932.
Cernada M, Bäuerl C, Serna E, Collado MC,
Martínez GP, Vento M. Sepsis in preterm infants causes

32.

33.

34.

35.

36.

37.

38.

39.

40.

alterations in mucosal gene expression and microbiota
profiles compared to non-septic twins. Sci Rep.
2016;6:25497. doi:10.1038/srep25497.
Stewart CJ, Embleton ND, Marrs ECL, Smith DP,
Fofanova T, Nelson A, Skeath T, Perry JD, Petrosino JF,
Berrington JE, et al. Longitudinal development of the gut
microbiome and metabolome in preterm neonates with
late onset sepsis and healthy controls. Microbiome.
2017;5:75. doi:10.1186/s40168-017-0295-1.
Andersen AD, Sangild PT, Munch SL, van der Beek EM,
Renes IB, van Ginneken C, Greisen GO, Thymann T.
Delayed growth, motor function and learning in pre
term pigs during early postnatal life. Am J Physiol Regul Integr Comp Physiol. 2016;310:R481–92.
doi:10.1152/ajpregu.00349.2015.
Østergaard MV, Shen RL, ACF S, Skovgaard K, Ł K,
Leth SS, Nielsen DS, Hartmann B, Bering SB,
Schmidt M, et al. Provision of amniotic fluid during
parenteral nutrition increases weight gain with lim
ited effects on gut structure, function, immunity, and
microbiology in newborn preterm pigs. J Parenter
Enter
Nutr.
2016;40:552–566.
doi:10.1177/
0148607114566463.
Krych Ł, Kot W, Bendtsen KMB, Hansen AK,
Vogensen FK, Nielsen DS. Have you tried spermine?
A rapid and cost-effective method to eliminate dextran
sodium sulfate inhibition of PCR and RT-PCR.
J Microbiol Methods. 2018;144:1–7.
Edgar RC. UNOISE2: improved error-correction for
Illumina 16S and ITS amplicon sequencing. bioRxiv.
2016:081257. doi:10.1101/081257.
Rognes T, Flouri T, Nichols B, Quince C, Mahé F.
VSEARCH: a versatile open source tool for
metagenomics. PeerJ. 2016;4:e2584. doi:10.7717/
peerj.2584.
Edgar RC. UCHIME2: improved chimera prediction for
amplicon
sequencing.
bioRxiv.
2016:074252.
doi:10.1101/074252.
Ren S, Hui Y, Obelitz-Ryom K, Brandt AB, Kot W,
Nielsen DS, Thymann T, Sangild PT, Nguyen DN.
Neonatal gut and immune maturation is determined
more by postnatal age than by postconceptional age in
moderately preterm pigs. Am J Physiol Liver Physiol.
2018;315:G855–67.
Mærkedahl RB, Frøkiær H, Lauritzen L, Metzdorff SB.
Evaluation of a low-cost procedure for sampling,
long-term storage, and extraction of RNA from blood
for qPCR analyses. Clin Chem Lab Med.
2015;53:1181–1188. doi:10.1515/cclm-2014-1054.

