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ABSTRACT

Hirschsprung disease (HSCR) is a birth defect with an approximate incidence of 1/5,000 live
births, and up to one-third of HSCR patients develop Hirschsprung-associated enterocolitis
(HAEC), the leading cause of HSCR-related death. Very little is known about the pathogenesis,
prevention, and early diagnosis of HAEC. Here, we used a prospective study to investigate the
enteric microbiome composition at the time of surgery as a predictor for developing post-
operative HAEC. We identified a microbiome signature containing 21 operational taxonomic
units (OTUs) that can potentially predict postoperative HAEC with ~85% accuracy. Furthermore,
we identified exclusive breastfeeding as a novel protective factor for total HAEC (i.e., preopera-
tive and postoperative HAEC combined). In addition, we discovered that breastfeeding was
associated with a lowered risk for HAEC potentially mediated by modulating the gut micro-
biome composition characterized by a lower abundance of Gram-negative bacteria and lower
LPS concentrations. In conclusion, modulating the gut microbiome by encouraging breastfeed-
ing might prevent HAEC progression in HSCR patients.
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Introduction To date, very little is known about pathogenesis,
prevention, and early diagnosis of HAEC.
Preclinical studies suggest that alterations in the
intestinal barrier,” impaired gastrointestinal muco-

sal immunity,® and dysbiosis of the enteric

Hirschsprung disease (HSCR) is a birth defect
caused by a congenital absence of ganglion cells
(aganglionosis) in the distal colon, which extends
for varying distances into the more proximal

colon but rarely involves the small intestine.' ™
Consequently, varying lengths of the distal colon
are unable to relax, causing functional colonic
obstruction over time. While HSCR can be trea-
ted by a pull-through surgery, HSCR patients are
at high risk of developing enterocolitis before or
after the surgery, with classic manifestations
including fever, abdominal distention, diarrhea,
and sepsis. Hirschsprung-associated enterocolitis
(HAEC) is the leading cause of serious morbidity
and mortality in HSCR patients.*

microbiome” may contribute to the occurrence of
HAEC. Observational studies have also correlated
altered enteric microbiome with HAEC pathogen-
esis through comparison of HSCR patients with
and without HAEC.>® A major drawback of such
retrospective studies is that the enteric micro-
biome was assessed after the occurrence of
HAEC, when the microbiome could have been
dramatically changed by the enterocolitis.

We conducted a hospital-based prospective nested
case—control study of 25 postoperative HAEC cases
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and 50 control HSCR patients who did not develop
postoperative HAEC to investigate the relationship
between the enteric microbiome at the time of sur-
gery with risk for developing postoperative HAEC.
Breastfeeding is a well-known protective factor for
necrotizing enterocolitis,'®""> the most common and
serious intestinal disease in premature infants, for
which altered enteric microbiome has been proposed
as an underlying mechanism.'*'> In the current
study, we identified a microbiome signature that
might predict the development of postoperative
HAEC in HSCR patients and found that exclusive
breastfeeding might reduce the risk of HAEC
through modulation of the enteric microbiome.

Results
Study population

Cohort study

A total of 363 patients diagnosed with HSCR at
the Children’s Hospital of Nanjing Medical
University (Nanjing, Jiangsu Province, China)
were prospectively recruited from June 2011 to
June 2013. Fourteen patients transferred to other
hospitals were excluded (Figure 1), and the
remaining patients were treated by Soave pull-
through procedure. We further excluded patients
who had allied disorder of HSCR (n = 55), had
uncertain feeding pattern (n = 11), or were lost to
follow-up (n = 30), leaving 253 patients for
cohort analysis (Figure 1). Of the eligible patients,
156 (62%) were diagnosed with classical segment
HSCR and 97 (38%) with long segment HSCR or
total colonic aganglionosis. The mean gestational
age was 39.2 weeks and the mean birth weight
was 3.4 kg (Table 1).

Prospective nested case—control study

During 3 years of follow-up, we observed 107
incident cases of HAEC, of which 28 were post-
operative. Using tissue samples (i.e., the cutting
edge of the dilated segment) collected at the pull-
through surgery, we conducted a prospective
nested case—control study of 25 postoperative
HAEC cases and 50 controls who were randomly
selected from the 146 HSCR patients who never
had HAEC during follow-up (Figure 1). We com-
pared clinical information of the selected controls
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and the 146 HSCR patients without enterocolitis,
and did not observe any appreciable differences
(Table S1). Postoperative HAEC cases (n = 25)
and controls (n = 50) also have similar character-
istics (Table 2). Before the pull-through surgery, all
patients received mechanical bowel preparation,
without the use of oral or intravenous antibiotics.

Exclusive breastfeeding was associated with
lower risk of HAEC (cohort study)

HSCR patients who were exclusively breastfed (n =
111) had significantly lower risk of total HAEC
(i.e., preoperative and postoperative HAEC com-
bined), compared to those without exclusive
breastfeeding (n = 142), with an adjusted RR of
0.61 (95% CI, 0.44-0.85; P = .003; Table 3),
whereas formula feeding and mixed feeding
resulted in similar risk of HAEC (P = .95; Table
§2). In 174 HSCR patients without preoperative
HAEC, the association between exclusive breast-
feeding and risk of postoperative HAEC did not
reach statistical significance, with an adjusted RR
of 0.51 (95% CI, 0.24-1.08; P = .08; Table 3).

An enteric microbiome signature can potentially
predict postoperative HAEC occurrence (case-
control study)

In the 25 postoperative HAEC cases and 50 control
HSCR patients who did not develop postoperative
HAEC, we sequenced the microbiome in the enteric
mucosa of the cutting edge of the dilated segment that
was collected at the time of surgery when HAEC had
not occurred. The cutting edge of the dilated segment
is adjacent to normal tissue and thus may best repre-
sent the characteristics of normal colonic tissues and
anastomotic stoma after surgery. Postoperative HAEC
cases and controls had a substantially different enteric
microbiome composition. We note a significant
decrease in a diversity (Figure 2(a); all P< 0.0074)
and a significant difference in B diversity (Fig. SIA
and B; P = .001) in postoperative HAEC cases vs.
controls. In postoperative HAEC cases, we did not
observe a significant increase in the abundance of
Gram-negative bacteria (Fig. S1C; P = .07), and no
significant difference in the ratio of Gram-negative to
Gram-positive bacteria (Fig. S1D; P = .15). However,
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Figure 1. Flow-chart of cohort and prospective nested case-control studies.

KEGG pathway analysis showed significant enrich-
ment for LPS biosynthesis proteins (P = .04) and
secretion system (P = .03) in postoperative HAEC
cases (Figure 2(b)).

A total of 131 OTUs had significantly different
abundance between postoperative HAEC cases and
controls (Table S$3). Using these OTUs, postopera-
tive HAEC cases and controls could be successfully
differentiated by unsupervised hierarchical cluster-
ing. As shown in Figure 2(c), Cluster 1 contained 35
of 50 controls (70%), while Cluster 2 contained 19 of
25 cases (76%) (P for XZ test = 0.0002). Notably, of

the 10 most significant OTUs, six belong to
Enterobacteriaceae, with higher abundance in cases
than controls (Table S3; Figure 2(d)).

To predict postoperative HAEC occurrence, we
used stepwise random forest classification to
identify a 21-OTU signature (Figure 2(e)), of
which nine belong to Enterobacteriaceae. The sig-
nature could classify samples into cases and con-
trols with ~85% accuracy (Figure 2(e)), with
sensitivity and specificity optimized to be 72%
and 92%, respectively (area under the ROC
curve = 0.90; Figure 2(f)).



Table 1. Characteristics of 253 Hirschsprung disease patients in
the cohort study by exclusive breastfeeding status.
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Table 2. Characteristics of 75 Hirschsprung disease patients in
the case—control study.

Exclusive breastfeeding

No Yes
Characteristic (n=142) (nh=111) P
Gestational age, weeks, mean (SD)  39.3 (1.4) 39.2 (1.3) 0.83°

Birth weight, kg, mean (SD) 35(04) 3405 077°

Gender, No. (%) 0.82°
Female 24 (16.9) 20 (18.0)

Male 118 (83.1) 91 (82.0)

Mode of delivery, No. (%) 0.03°
Cesarean 86 (60.6) 52 (46.8)
Vaginal 56 (39.4) 59 (53.2)

HSCR classification, No. (%) 0.01°
Classical segment HSCR 78 (549) 78 (70.3)

Long segment HSCR or total 64 (45.1) 33 (29.7)
colonic aganglionosis

Ostomy, No. (%) 0.01°
No 113 (79.6) 101 (91.0)

Yes 29 (204) 10 (9.0

Age at surgery, No. (%) 0.58°
<180 days 122 (85.9) 98 (88.3
>180 days 20 (14.1) 13 (11.7)

Surgical approach, No. (%) 0.04°
Open pull-through 29 (20.4) 10 (9.0)

Totally transanal endorectal 70 (49.3) 62 (55.9)
pull-through
Laparoscopic-assisted transanal 43 (30.3) 39 (35.1)
pull-through

Calculated using t-test.

bCalculated using ¥* test.

‘HSCR is classified as classical segment HSCR when the aganglionic
segment does not extend beyond the upper sigmoid, long-segment
HSCR when the aganglionic segment extends to the splenic flexure or
transverse colon, and total colonic aganglionosis when the aganglio-
nic segment extends to the colon and a short segment of the
terminal ileum.

Abbreviations: HSCR, Hirschsprung disease; SD, standard deviation.

Exclusive breastfeeding was associated with an
enteric microbiome and with lower occurrence of
postoperative HAEC (case-control study)

We next investigated whether the protective effect of
exclusive breastfeeding on postoperative HAEC was
associated with modulation of the enteric micro-
biome. We compared the enteric microbiome at
the time of surgery among HSCR patients, who
did not previously develop HAEC, with and without
exclusive breastfeeding. First, we did not observe
a difference in a diversity (Figure 3(a); 0.066 < P <
0.16); however, we found a significant difference in 3
diversity (Fig. S2A and B; P = .003) in exclusively
breastfed patients compared to non-exclusively
breastfed patients. Second, we observed lower abun-
dance of Gram-negative bacteria (Fig. S2C; P = .02),
as well as a decrease in the ratio of Gram-negative to
Gram-positive bacteria (Fig. S2D; P = .03), in

Postoperative

HAEC cases Controls

Characteristic (n = 25) (n =50) P

Gestational age, weeks, mean 39.2 (1.4) 39.4 (1.1) 0.55°
(SD)

Birth weight, kg, mean (SD) 3.5 (0.5) 3.5 (0.5 0.87°

Gender, No. (%) 0.07°
Female 2 (8.0) 13 (26.0)

Male 23 (92.0) 37 (74.0)

Mode of delivery, No. (%) 0.19°
Cesarean 16 (64.0) 24 (48.0)
Vaginal 9 (36.0) 26 (52.0)

HSCR classification®, No. (%) 0.87°
Classical segment HSCR 15 (60.0) 29 (58.0)

Long segment HSCR or total 10 (40.0) 21 (42.0)
colonic aganglionosis

Ostomy, No. (%) 1.00¢
No 22 (88.0) 43 (86.0)

Yes 3 (12.0) 7 (14.0)

Age at pull-through procedure, 0.47°
No. (%)
<180 days 21 (84.0) 45 (90.0)
>180 days 4 (16.0) 5(10.0)

Surgical approach, No. (%) 0.97°
Open pull-through 3(12.0) 7 (14.0)

Totally transanal endorectal 13 (52.0) 25 (50.0)
pull-through
Laparoscopic-assisted 9 (36.0) 18 (36.0)

transanal pull-through

“Calculated using t-test.

PCalculated using ¥ test.

‘HSCR is classified as classical segment HSCR when the aganglionic
segment does not extend beyond the upper sigmoid, long-
segment HSCR when the aganglionic segment extends to the splenic
flexure or transverse colon, and total colonic aganglionosis when the
aganglionic segment extends to the colon and a short segment of
the terminal ileum.

dCalculated using Fisher's exact test.

Abbreviations: HAEC, Hirschsprung-associated enterocolitis; HSCR,
Hirschsprung disease; SD, standard deviation.

exclusively breastfed patients. Third, KEGG pathway
analysis showed significant enrichment for LPS bio-
synthesis proteins (P = .0050) and secretion system
(P =.0042) in patients without exclusive breastfeed-
ing (Figure 3(b)).

The abundance of a total of 51 OTUs was signifi-
cantly different between patients with and without
exclusive breastfeeding (Table S4; Figure 3(c,d)). As
shown in Figure 3(c), Cluster 1 contained 27 of 37
patients without exclusive breastfeeding (73%), while
Cluster 2 contained 25 of 38 exclusively breastfed
patients (66%) (P for Xz test = 0.0008). We examined
whether the 51 OTUs can distinguish postoperative
HAEC cases and controls using linear discriminant
analysis (LDA), which revealed four non-overlapping
clusters (Figure 3(e)). Component-1 and component-
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Table 3. Association between exclusive breastfeeding and risk of Hirschsprung-associated enterocolitis in the cohort study.

Exclusive breastfeeding

Yes

Outcome No RR (95% Cl) P
Overall Hirschsprung-associated enterocolitis

No. of HSCR patients 142 1m

No. of enterocolitis 73 34

Unadjusted model Reference 0.60 (0.43-0.82) 0.002

Multivariable-adjusted model® Reference 0.61 (0.44-0.85) 0.003
Postoperative Hirschsprung-associated enterocolitis

No. of HSCR patients without preoperative enterocolitis 88 86

No. of postoperative enterocolitis 19 9

Unadjusted model Reference 0.48 (0.23-1.01) 0.05

Multivariable-adjusted model® Reference 0.52 (0.25-1.08) 0.08

Multivariable-adjusted model® Reference 0.51 (0.24-1.08) 0.08

®Adjusted for gestational age (continuous), gender (female, male), mode of delivery (cesarean, vaginal), birth weight (continuous), and classical

segment HSCR (yes, no).

bAdditionally adjusted for ostomy (yes, no), age at pull-through surgery (<180 or > 180 days), and surgery approach (open pull-through, totally
transanal endorectal pull-through, Laparoscopic-assisted transanal pull-through).
Abbreviations: Cl; confidence interval; HSCR, Hirschsprung disease; RR, relative risk.

2, which represent the top two microbiome feature
transformation coefficients that maximize the separ-
ability of classes in the new feature space, provide clear
separability among the four classes. Interestingly,
component-1 maximizes the separability between po-
HAEC EBF/non-EBF patients, while component-2
maximizes the separability between non-HAEC EBF/
non-EBF patients. These results suggest that the pro-
tective effect of exclusive breastfeeding on postopera-
tive HAEC might be mediated through modulating
the abundance of these OTUs.

Enteric LPS concentrations in relation to
exclusive breastfeeding and postoperative HAEC
occurrence (case—control study)

KEGG pathway analysis suggested that HSCR
patients without exclusive breastfeeding had an
enteric microbiome enriched for LPS biosynthesis
proteins, which was subsequently associated with
postoperative HAEC occurrence. To confirm this
finding, we measured LPS concentrations in the
homogenate of the same enteric tissue in the cut-
ting edge of the dilated segment as used for micro-
biome analysis and examined their relationships
with exclusive breastfeeding and postoperative
HAEC.

Consistent with the KEGG predictions, we
observed that 20 of 131 OTUs (Table S3) were
significantly correlated with LPS levels, eight
were positively correlated and 12 were negatively
correlated (P < .05; Table S5). Moreover, we

observed lower LPS concentrations (1) in exclu-
sively breastfed patients vs. those without exclusive
breastfeeding (Figure 4(a); P = .046) and (2) in
non-postoperative HAEC controls vs. postopera-
tive HAEC cases (Figure 4(b); P = .019). The
adjusted OR for postoperative HAEC associated
with a 5-ng/mL increase in LPS concentration
was 1.14 (95% CI, 1.03-1.26). While controlling
for the abundance of Gram-negative bacteria, we
continued to observe a significant association
between LPS concentrations and odds of post-
operative HAEC (OR, 1.14; 95% CI, 1.03-1.27),
indicating that LPS is a potential key mediator in
the pathway. Interestingly, the difference in LPS
concentrations between cases and controls
appeared to be greater in exclusively breastfed
patients than those without exclusive breastfeeding
(Figure 4(c)).

Discussion

In a cohort of 253 HSCR patients, we identified
exclusive breastfeeding as a novel protective factor
for total HAEC (i.e., preoperative and postopera-
tive HAEC combined). Using prospectively col-
lected tissue samples from 25 postoperative
HAEC cases and their controls, we identified a 21-
OTU signature that can potentially be used to
predict postoperative HAEC occurrence and
further demonstrated that exclusive breastfeeding
was associated with an enteric microbiome and
with a lower occurrence of postoperative HAEC.
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Figure 2. The enteric microbiome predicted postoperative Hirschsprung-associated enterocolitis occurrence. (a) The a diversity in
po-HAEC cases vs. controls. (b) Kyoto Encyclopedia of Genes and Genomes predicted the relative frequency of lipopolysaccharide
biosynthesis proteins and secretion system in po-HAEC cases vs. controls. (c) Unsupervised hierarchical clustering of 131 OTUs with
significantly different abundance between po-HAEC cases and controls. (d) Selective OTUs with significantly different abundance
between po-HAEC cases and controls. (e) A 21-OTU signature that predicted po-HAEC occurrence. (f) Receiver operating character-

istic curve for the 21-OTU signature.
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Figure 3. Exclusive breastfeeding associated with an enteric microbiome and with lower occurrence of postoperative Hirschsprung-
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exclusively breastfed non-HAEC subjects from the rest.

Taken together, these data suggest that exclusive
breastfeeding might reduce the risk of HAEC
through modulation of the enteric microbiome.
Breastfeeding is an important factor in the devel-
opment of the enteric microbiome,'®"® and breast
milk ingestion may facilitate the enrichment of
microbes during the acquisition of the enteric
microbiome."”” Gram-negative bacteria, a major
cause of enteric infection, can activate mucosal

inflammation by binding LPS, a component of the
outer membrane, to enteric toll-like receptor 4,'*
and human milk can attenuate LPS-induced enteric
inflammation by modulating CD14 expression in
human enterocytes.”’ In this study, we showed that
HSCR patients who were exclusively breastfed tended
to have a lower abundance of Gram-negative bacteria,
particularly Enterobacteriaceae, thereby being less
prone to postoperative HAEC. Taken together,
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we hypothesize that exclusive breastfeeding might
decrease the biosynthesis and release of LPS, thus
reducing the occurrence of postoperative HAEC.
Several small case-control studies have been
conducted to retrospectively compare the enteric
microbiome of HSCR patients with different
HAEC status, reporting mixed findings.>>**?*
Two studies, including a total of 17 HSCR patients,
observed increased Proteobacteria and decreased
Bacteroidetes in HAEC cases vs. controls.>’
Another study of 18 HSCR patients observed
increased Proteobacteria and Bacteroidetes as well
as decreased Firmicutes, comparing patients who
had a history of HAEC to those who did not.** It
has also been reported that patients with a history
of recurrent HAEC had increased Proteobacteria
and Bacteroidetes, compared to those without a -
history.>> However, in all these studies, the enteric
microbiome was measured after the occurrence of
HAEC and could have been dramatically altered
by the enterocolitis. In contrast, a prospective
study design, such as that in our analyses, limits
the likelihood of reverse causation by collecting
tissue samples before the occurrence of HAEC,
lending additional validity to the results.
Abundant evidence indicates that probiotics sup-
port gut health and may decrease the incidence of
necrotizing enterocolitis in premature infants.**
Similarly, probiotic use has been proposed as
a potential prophylaxis for HAEC. Lactobacilli and
Bifidobacteria are the two most common genera of
probiotics; a retrospective case—control study found
a marked decrease in bifidobacterial but no difference

in Lactobacilli, comparing HSCR patients with HAEC
to those without HAEC.>® Several studies have exam-
ined probiotic use in relation to HAEC incidence with
mixed findings: one multicenter randomized clinical
trial found that orally administered probiotics
(Bifidobacterium, Lactobacillus, and Enterococcus) sig-
nificantly decreased the incidence and severity of post-
operative. HAEC,”® whereas another randomized
trial and two observational studies reported null
results.”>*”*® A meta-analysis including these studies
reported an OR 0f 0.72 (95% CI, 0.37-1.39; P = .33) for
the effect of probiotic use on HAEC incidence.** In
the current study, we did not find adequate evidence
supporting the use of probiotics in HSCR patients.
Although we observed a higher abundance of
Lactobacillus in the enteric microbiome of exclusively
breastfed patients, no significant difference was
observed between postoperative HAEC cases and
controls.

It is well known that lipopolysaccharide is pro-
duced by Gram-negative bacteria.”**° We performed
KEGG pathway analysis and found significant
enrichment for LPS biosynthesis proteins and secre-
tion system in postoperative HAEC cases. Significant
enrichment for LPS biosynthesis proteins and secre-
tion system was also observed in patients without
exclusive breastfeeding. ELISA with the homogenate
of the enteric tissue in the cutting edge of the dilated
segment confirmed that the level of LPS was
increased in postoperative HAEC cases and
decreased in the exclusive-breastfeeding group. We
found that Gram-negative bacteria belonging to the
family Caulobacteraceae were most positively
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correlated with LPS levels. These data indicate that
breastfeeding might decrease the abundance of
microbes that produce LPS and potentially lower
the risk of postoperative HAEC. A multi-center
study to further validate this finding and explore
the underlying mechanism is granted.

The current study has several strengths. We
established a large cohort of HSCR patients, col-
lected detailed information on clinical characteris-
tics, and followed the patients for up to 3 years. To
our knowledge, this is the first study to prospec-
tively examine the enteric microbiome in relation
to HAEC. Nonetheless, this work has potential
limitations. The enteric microbiome varies sub-
stantially by race and geography.’' All participants
in our study are Han Chinese, and validation
studies in other populations are warranted. Since
our tissue samples were collected at the time of
surgery, our microbiome signature mostly repre-
sents the mucosa-associated microbiome and
could only be used to predict postoperative
HAEC. Furthermore, the time between surgery
and the development of HAEC varies and the
microbes identified in our biomarker panel may
not be causative for the development of post-
operative HAEC. In the future, using noninvasive
sample collections (for example, stool samples), we
might be able to develop a microbiome signature
that can predict the onset and progression of
HAEC in HSCR patients. This signature could
also serve as a biomarker panel to monitor HSCR
patients at risk for developing HAEC.

In conclusion, we demonstrated a link between
exclusive breastfeeding, the enteric microbiome
and enteric LPS levels and HAEC and identified
a microbiome signature that might predict the
occurrence of postoperative HAEC. Our study
suggests that modulating the gut microbiome by
encouraging breastfeeding might prevent HAEC
progression in HSCR patients.

Materials and methods
Ethical approval

The study was approved by the Medicine Ethics
Committee at Children’s Hospital of Nanjing
Medical University and the Human Subjects
Committee at the Lawrence Berkeley National

Laboratory, and all participants provided informed
consent.

Assessment of infant feeding pattern

When HSCR patients were 6 months old, parents
were asked by a physician (W.T.) the following
two questions regarding their feeding pattern: (1)
What was the primary feeding pattern during the
past 6 months: exclusive breastfeeding, formula
feeding, or mixed feeding? (2) Had the primary
feeding pattern ever been changed?

Identification of HAEC

At the Children’s Hospital of Nanjing Medical
University, diagnosis of HAEC was based on the
criteria published by Pastor et al.,”* and documented
by a physician (W.T.). A summary of the HAEC
scoring system is presented in Table S6, and a score
of 10 or greater resulted in the diagnosis of HAEC.
Moreover, HSCR patients were asked to have follow-
up visits in 3 months, 6 months, 1 year, 2 years, and 3
years after surgery. On each visit, the physician asked
if the patient had ever been diagnosed with HAEC by
any hospital.

Microbiome sequencing

At the pull-through surgery, the cutting edge of
dilated segments of HSCR patients was collected and
immediately stored at —80°C. Our standard of exci-
sion is to find mature ganglion cells on the cutting
edge of the dilated segment based on fast pathology
during surgery. Generally, the distance between the
cutting edge of the dilated segment and the transi-
tional segment is more than 10 cm. For classical
segment HSCR, the cutting edge was usually located
in the proximal sigmoid colon or the descending
colon. For long-segment HSCR, the cutting edge
reached the descending colon, the transverse colon,
and sometimes the ascending colon. In the case of
total colonic aganglionosis, the cutting edge reached
the small intestine. We collected the enteric mucosa in
the cutting edge of the dilated segment for sequen-
cing, which is adjacent to normal tissue and thus
better represents the characteristics of normal enteric
tissues and anastomotic stoma after surgery. DNA in
the enteric mucosa was extracted and purified by the



QIAamp DNA Mini Kit (QIAGEN). The 16S rRNA
gene was amplified by the polymerase chain reaction
(PCR), using primers 515F (5-GTGCCAGCMGC
CGCGGTAA-3") and 806R (5-GGACTACHVGGG
TWTCTAAT-3'), which target the V4 hypervariable
region. PCR products were purified by the GeneJET
Gel Extraction Kit (Thermo Scientific). Libraries were
prepared by the TruSeq DNA PCR-Free Sample
Preparation Kit. The library quality was assessed by
the Qubit 2.0 Fluorometer (Thermo Scientific) and
Agilent Bioanalyzer 2100 system. PCR products were
sequenced by the Illumina HiSeq 2500 System, gen-
erating 250-bp paired-end reads. All sequences are
available under the NCBI Sequence Read Archive
BioProject ID PRJNA578412.

Sequence data analysis

The sequence reads were quality-filtered using
QIIME (Quantitative Insights Into Microbial
Ecology, V1.9.1). Filtered reads were clustered
into OTUs, using an open-reference picking pro-
cess with a threshold of 97% similarity to the
reference database (Greengenes OTUs (16S)
v13_8). After each sample was rarefied to 35,186
reads (originally 35,186 ~ 84,996 reads/sample),
we used QIIME to calculate a diversity indices,
including observed species, Chaol, Shannon,
Simpson, and phylogenetic diversity whole tree,
as well as unweighted UniFrac distance matrices
(B diversity). In the enteric microbiome,
Proteobacteria and Bacteriodetes are the two most
abundant phyla of Gram-negative bacteria, while
Firmicutes and Actinobacteria are the two most
abundant phyla of Gram-positive bacteria. In our
samples, these four phyla accounted for 96%
(median) of the enteric microbiome. Thus, we
summed the relative abundance (henceforth
referred to as “abundance”) of Proteobacteria and
Bacteriodetes to represent Gram-negative bacteria
and calculated Bgiobucria f Baskriodts 1o represent
the ratio of Gram-negative to Gram-positive bac-
teria. ~ The  software  package  PICRUSt
(Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) was used
to perform metagenomic and functional analyses
according to KEGG (Kyoto Encyclopedia of Genes

and Genomes) Orthology.
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Lipopolysaccharide (LPS) assay

LPS was measured in the same tissues used for
microbiome analysis. We used the cutting edge of
dilated segments adjacent to normal tissue, which
was made into homogenate by diluting 1 mg
enteric mucosa with 9 pL phosphate-buffered sal-
ine (Beyotime, Nantong, China). The cutting edge
of the dilated segment is adjacent to normal tissue
and thus may best represent the characteristics of
normal colonic tissues after surgery. After centri-
fugation for 5 min at 4°C and 15,700 x g, we
obtained supernatants and measured LPS by an
enzyme-linked immunosorbent assay (Xin Yu
Biotech, Shanghai, China), using TECAN infinite
M200 multimode microplate reader at 450 nm
(Tecan, Mechelen, Belgium).”®> To investigate the
relationship between specific microbes and LPS
levels we performed Spearman rank correlation
analysis between LPS levels and 131 OTUs that
were significantly different between postoperative
HAEC cases and controls in 75 cases and controls.

Statistical analyses

Log-binomial regression models were used to calcu-
late relative risks (RRs) and 95% confidence intervals
(CIs) of HAEC associated with exclusive breastfeed-
ing (SAS “PROC GENMOD”).** Logistic regression
models were used to estimate odds ratios (ORs) of
postoperative HAEC for a 5-ng/mL increase in LPS
concentration (SAS “PROC LOGISTIC”). In multi-
variable analyses, we adjusted for gestational age (as
a continuous variable), gender (female, male), mode
of delivery (cesarean, vaginal), birth weight (as
a continuous variable), and HSCR classification
(classical segment HSCR, long-segment HSCR or
total colonic aganglionosis). When we examined
postoperative HAEC occurrence, we additionally
adjusted for ostomy (yes, no), age at pull-through
procedure (<180 or >180 days), and surgical
approach (open pull-through, totally transanal
endorectal pull-through, laparoscopic-assisted trans-
anal pull-through).

We compared the enteric microbiome between
groups: (1) postoperative HAEC cases and controls;
(2) HSCR patients with and without exclusive
breastfeeding. The a diversity indices, abundance
of Gram-negative bacteria, ratio of Gram-negative
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to Gram-positive bacteria, abundance of KEGG
pathways, and LPS concentrations were compared
by Wilcoxon rank-sum test. The  diversity, mea-
sured by unweighted UniFrac distance matrices,
was compared by permutational multivariate analy-
sis of variance (R package “vegan”) and visualized
by principal coordinate analysis (R package “ape”).

We excluded operational taxonomic units
(OTUs) if (1) they had less than 100 reads across
all samples or (2) their family was unknown or
uncertain, resulting in a final set of 1,213 OTUs.
The OTU abundance (z-score) was compared by
t-test, and the significant OTUs were visualized by
heatmap using unsupervised hierarchical cluster-
ing (Gene Cluster 3.0). We examined whether the
OTUs, which had significantly different abun-
dance between patients with and without exclusive
breastfeeding, can distinguish postoperative HAEC
cases and controls, using linear discriminant ana-
lysis (MATLAB).

To identify a microbiome signature that predicted
postoperative HAEC occurrence, we employed step-
wise random forest classification (forward selection),
coupled with leave-one-out cross validation, to select
OTUs from those with significantly different abun-
dance between postoperative HAEC cases and con-
trols at P < .01 (MATLAB). To evaluate the
performance of the identified signature, we calcu-
lated classification accuracy and generated a receiver
operating characteristic (ROC) curve, defining the
optimal cut point as the point maximizing the sum
of sensitivity and specificity. All statistical tests were
two-sided, and a P-value of <0.05 was considered
statistically significant unless specified otherwise.

Abbreviations

HSCR Hirschsprung disease

HAEC Hirschsprung-associated enterocolitis
po-HAEC postoperative HAEC

PD phylogenetic diversity

OTU operational taxonomic unit

EBF exclusive breastfed

LPS lipopolysaccharide
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