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LAY ABSTRACT

Short bowel syndrome is a condition caused by surgical removal of a large portion of the
intestine. This research identified the most common bacteria which cause serious bloodstream
infections and characterized the bacterial composition, known as the microbiome, in their
intestine. The microbiome, in this population, exhibited a lower number and variety of bacteria,
fewer ‘good’ bacteria and an overgrowth of specific bacteria usually in very low abundance in
the intestine of healthy children. Children with short bowel syndrome had less bacteria by-
products, which help maintain a healthy digestive tract. We did not identify differences in the
permeability of the intestine or evidence of inflammation. These results are important to
understand the interactions between bacteria of the intestine, the digestive complications of short
bowel syndrome, and to establish a link between the microbiome, bloodstream infections and

inflammation, which in the future can help advance future treatments for this serious disease.
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ABSTRACT

Children with short bowel syndrome have reduced gastrointestinal mass due to surgical resection
in the neonatal period. This multi-pronged health translational study investigated the previous
infectious history, microbiome, and inflammation of twelve children with this disease. We sought
to further understand how dysbiosis, bacterial products such as butyrate, and intestinal
permeability may link with the type and frequency of bloodstream infections and systemic

inflammation.

The most frequent pathogens identified in bloodstream infections were coagulase-negative
Staphylococcus, Enterococcus species, Klebsiella species and Candida species. Sixty-one percent

of cultured microbes could be considered enteric with a gastrointestinal origin.

With high-thoroughput 16S rRNA fecal analysis, children with intestinal failure demonstrated the
most significant dysbiosis with the lowest Shannon diversity and an abundance of the Escherichia
genus seemingly attributable to the pro-inflammatory species E. coli. Commensal anaerobes
known to produce SCFA including Ruminococcaceae and Lachnospiraceae were significantly
reduced in those with IF. Similarly, measured butyric acid was significantly reduced in children

with IF compared to controls (median 0.37nmol/mg vs 10.92nmol/mg; p<0.0001).

Serum analysis of intestinal permeability markers including circulating bacterial products
lipopolysaccharide and muramyl dipeptide (MDP) were similar between children with SBS and
controls.  Furthermore, no differences were detected in gene expression of pro- or anti-

inflammatory transcription factors, cytokine concentration, or fecal calprotectin.

Children with SBS exhibit dysbiosis, a reduction in SCFA-producing microbes and reduction in

butyrate concentration. Fecal analysis has identified a significant abundance of likely E. coli
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however it remains the sixth most common microbe cultured in bloodstream infections. The
microbial community is significantly altered in children with intestinal failure with implications
on complications of this disease including feed advancement, bacterial overgrowth,
gastrointestinal motility and infection. Further research will be needed to investigate if
manipulation of the microbiome can influence important clinical outcomes and alter bacterial

translocation and infection.
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INTRODUCTION

1.1 SHORT BOWEL SYNDROME AND INTESTINAL FAILURE

Pediatric short bowel syndrome (SBS) is a rare and potentially debilitating condition following
massive surgical intestinal resection in infancy (O'Keefe et al., 2006). The loss of functional
small intestinal mass leads to chronic gastrointestinal complications including persistent
diarrhea, dysmotility, poor growth and nutrient deficiencies (O'Keefe et al., 2006). While SBS
is a rare disease with an estimated incidence of 24.5 per 100,000 live births, the condition poses a
significant impact on a child and families’ quality of life with frequent lengthy hospitalizations,
repeated surgical procedures and surgical devices for enteral and parenteral nutrition (Duggan &
Jaksic, 2017; Wales et al., 2004). The severity can range from mild to severe with those with the
shortest remaining small intestine requiring long-term parenteral nutrition (PN) through central
venous lines to provide life-sustaining fluids, electrolytes, and nutrition (O'Keefe et al., 2006;
Squires et al., 2012). This sub-group of patients requiring PN is classified as having intestinal
failure (IF) (O'Keefe et al., 2006). With an all-cause mortality of 25%, children with IF also
experience high morbidity due to complications such as central line associated bloodstream
infections (CLABSI), sepsis, loss of venous access, and liver failure (Duggan & Jaksic, 2017).
They often require treatment for small bowel bacterial overgrowth with cycled oral antibiotics as
well as treatment with motility agents, and require additional caloric support (Amin, Pappas,
Iyengar, & Maheshwari, 2013; Duggan & Jaksic, 2017). Some require repeated surgical
procedures to improve motility, to place gastric and jejunal feeding tubes and to obtain venous
access for PN. A minority of patients will require intestinal and/or liver transplant with resulting

complications including rejection, immune suppression and graft failure (Squires et al., 2012).
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1.2 ETIOLOGY OF SHORT BOWEL SYNDROME

Surgical resections during infancy which result in SBS can occur in the setting of multiples
etiologies including necrotizing enterocolitis, gastroschisis, midgut volvulus with malrotation and
intestinal atresias (Duggan & Jaksic, 2017; Squires et al., 2012). While the average small intestine
at term gestation is 157.4cm, children with SBS and IF can have 10-25% of remaining normal
length following surgical resection of their diseases segments (Struijs, Diamond, de Silva, &
Wales, 2009). Variations in the surgical procedures required depend on the individual’s disease
state and may include the loss of differing segments of small intestine, as well as loss of the
ileocecal valve and colon (Amin et al., 2013). Furthermore, differences in disease and age at
gestation predispose some children to surgical resection as a premature infant. Some conditions
are associated with improved long term outcome and cessation of parenteral nutrition such as
necrotizing enterocolitis, while other conditions are known to be associated with dysmotility and
prolonged use of parenteral nutrition (Fallon et al., 2014). Gastroschisis is associated with more
pronounced dysmotility, which could contribute to the challenge when attempting to advance
enteral feeds in order to wean PN (Fallon et al., 2014). Children with IF secondary to SBS,
therefore, represent a heterogeneous group with varied conditions and complications while all

requiring parenteral nutrition.

1.3 FUNCTIONAL ADAPTATION AND CLINICAL MANAGEMENT OF SHORT
BOWEL SYNDROME

An inter-disciplinary team is required to care for children with SBS and is associated with
improved clinical outcomes (Sant'Anna et al., 2012; Stanger, Oliveira, Blackmore, Avitzur, &

Wales, 2013). Registered dietitians, nurse practitioners, nurses, pediatric gastroenterologists,
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pediatric surgeons, infectious disease specialists and social workers all have a critical role in the
long-term care of a child with IF. Maintaining adequate growth in the setting of minimal oral or
enteral intake is paramount and requires frequent adjustments of parenteral nutrition (Squires et
al., 2012). Parenteral nutrition is provided through surgically-placed central line catheters and
amino acids, glucose, and lipids are infused over many hours per day to maintain electrolyte
homeostasis and for adequate growth (Engstrand Lilja, Wefer, Nystrom, Finkel, & Engstrand,

2015).

A multi-disciplinary team strives to promote oral or G-tube feeds and minimize the use of
parenteral nutrition. By providing enteral nutrition, the remaining shortened small intestine can
undergo macroscopic and functional changes over time (Duggan & Jaksic, 2017). This process,
termed functional adaptation, increases the capacity per unit of small intestinal digestive and
absorptive function (Duggan & Jaksic, 2017; Weale, Edwards, Bailey, & Lear, 2005).
Macroscopic changes include crypt differentiation and elongation, villi height and diameter
expansion, increased nutrient transport expression, cellular proliferation and the increased
absorption of carbohydrate, water and electrolytes (Weale et al., 2005). This process of adaptation
can begin immediately following surgery and can continue up to 5 years post-resection. To
promote functional adaptation, the health care team must minimize enteral deprivation to the GI
tract when possible and provide cycled enteral nutrients, with particular emphasis on feeding
human breast milk in infancy, whole protein if tolerated, mixed long and medium-chain fatty acids
and complex carbohydrates (Goulet et al., 2013). Furthermore, this process of adaptation may
require months to many years depending on the segment and total length resected (Duggan &

Jaksic, 2017; Goulet et al., 2013). While encouraging oral feeds is crucial, many barriers to
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functional adaptation exist including oral aversion, dysmotility, abdominal pain, excess gas
production, as well as diarrhea. A multi-disciplinary team manages and treats each complication
and barrier while slowly titrating enteral feeds and weaning parenteral nutrition. The ultimate
goal is one of enteral autonomy where a child with SBS no longer requires parental nutrition and

no longer is considered to have IF (Duggan & Jaksic, 2017).

1.4 PARENTERAL NUTRITION AND VENOUS ACCESS

While PN is life-sustaining, there are many complications to its long-term use. To maintain
infusion rates required to meet the caloric needs of children, a surgically placed central line is
required (Diamanti et al., 2007). Children with IF may require their central line to be removed
and replaced many times over their life predisposing them to loss of venous access as they age.
Loss of venous access remains an indication for small intestinal transplantation which carries a
high risk of mortality (Kaufman et al., 2001). Minimizing central line replacements when possible
is important to maintain vascular access sites. This remains a challenge in the setting of CLABSI
where a central line has been colonized with a fungus or bacteria and the clinician must balance
the risk of a contaminated central line leading to recurrent sepsis, with loss of vascular access sites.
Further complications of prolonged PN include PN-associated liver disease, bacterial infections,
sepsis and thrombosis (Duggan & Jaksic, 2017). For some children, bacterial infection remains
the most significant morbidity of IF requiring frequent hospital admission, prolonged IV

antibiotics, surgical replacement of venous lines and life-threatening sepsis (Diamanti et al., 2007).
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1.5 SBS AND MUCOSAL IMMUNITY

This multi-pronged health translational study sought to investigate how surgical resection and
resultant short bowel syndrome impacts a child’s microbiome, gastrointestinal inflammation, and
infectious outcomes. With abundant Peyer’s patches and overlying M cells, the small intestine
functions as a link between environment, microbes and host (Rosner & Keren, 1984). This
complex interplay allows microbial communities to both prime and regulate mucosal immunity
while our immune system can also exert host control over nearby microbiota (Stecher, 2015).
Massive small intestinal surgical resection at a young age may impact this cross-talk between
microbe and host, influencing antigen-exposure, inflammatory processes and paracellular

permeability of intestinal epithelial cells.

1.6 SBS AND THE MICROBIOME

We sought to characterize and compare the microbiome of children with severe SBS and IF from
those who achieved enteral autonomy. With culture-independent high-throughput 16s rRNA
sequencing of fecal samples of children of SBS, this study will add to the very recent first
publications applying metagenomics to understand if dysbiosis plays a role in clinical outcome
of pediatric SBS[1-3]. The knowledge already gained from the Human Microbiome Project has
demonstrated how host-microbe interactions can impact human health (Turnbaugh et al., 2007).
Clinical complications of SBS including diarrhea, motility, nutrient absorption and small bowel

bacterial overgrowth could be directly related to microbiome diversity and abundance patterns.
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1.7 SBS AND SHORT CHAIN FATTY ACIDS

Beyond the quantitative analysis of microbes, this research will further investigate critical
colonic bacterial by-products of fermentation specifically short chain fatty acids (SCFA).
Known to improve epithelial barrier function and regulate inflammation, SCFA concentration of
stool samples may provide insight into altered intestinal permeability as well as T-regulatory cell
expansion (Liihrs et al., 2001; Maslowski & Mackay, 2011). We sought to correlate SCFA
concentration to known SCFA-producers of the Clostridia class specifically Lachnospiraceae

and Ruminococcaceae.

Short chain fatty acids are a link between the commensal obligate aneorobes of the
gastrointestinal tract and our mucosal immunity. They are known to expand Foxp3+ T-regulatory
cells and anti-inflammatory cytokine IL-10 (Maslowski & Mackay, 2011; Segain et al., 2000).
Butryate production maintains a healthy intestinal epithelium, influences cytokine production
and paracellular permeability (Kinoshita, Suzuki, & Saito, 2002). Therefore, we sought to
complete analysis of cytokine IL-10 as well as mRNA expression of transcription factor FoxP3+

to investigate for a reduction in anti-inflammatory cell signalling.

1.8 MUCOSAL INFLAMMATION

Through toll-like receptors (TLR), pathogenic gastrointestinal microbes induce intestinal
epithelial cell-signals to induce inflammation (Lucas & Maes, 2013). Endotoxin
lipopolysaccharide (LPS) of gram negative bacteria bind to basolateral membrane bound TLR-4

to ultimately increase transcription of NF-xB and the production of inflammatory cytokines
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TNFa, IFN-y, and IL-6 (Round & Mazmanian, 2009). Inflammation in the gastrointestinal tract
can be characterized by an increase of Ty17 cells and their cytokine expression of IL-17, IL-23
and TNFa and infiltration of lymphocytes, macrophages and neutrophils into the lamina propria
of the mucosa (Round & Mazmanian, 2009). Neutrophil activation leads to calprotectin release
into stool and can be detected in fecal samples (Wang et al., 2015). We investigated
inflammatory processes within the gastrointestinal tract by stool measurement of calprotectin as
well as pro-inflammatory cytokine concentration, gene expression of TLR4 and transcription

factor RORyT.

1.9 BLOODSTREAM INFECTIONS AND INTESTINAL PERMEABILITY

One of the most common and severe complications of SBS and IF is the frequency of
bloodstream infections which can result in sepsis and death. With central line infection rates
exceeding those of children on chemotherapy, little is understood of the underlying physiology
behind frequent blood stream infections in SBS (Alexander et al., 2016). For those children who
do not require intestinal transplant, sepsis is now the leading cause of death in SBS (Squires et
al., 2012). We completed a retrospective review of previous bloodstream infections of this
cohort to identify the common organisms isolated. In addition, total leukocyte counts, neutrophil
counts and inflammatory marker C-reactive protein were evaluated to investigate if typical

immune response occur at the onset of infection.

We hypothesize that bacterial translocation from the gastrointestinal tract has a central role in the

predisposition to bloodstream infections. Intestinal permeability is difficult to reliably evaluate
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and many methods exist include serum analysis of circulating bacterial products, lactulose-
mannitol ratio testing, antibody concentrations to bacterial products, and transmembrane protein
concentrations (D'Antiga, Dhawan, Davenport, Mieli-Vergani, & Bjarnason, 1999; Wang et al.,
2015). This study will further analyze if intestinal permeability is abnormal in children with IF
via detectable circulating bacterial products lipopolysaccharide (LPS) and muramyl dipeptide
(MDP) through binding of their receptors toll-like receptor-4 and nucleotide oligomerization
domain 2, respectively as well as gene expression analysis of TLR2 and TLR4 via real-time

qPCR.

1.10 CENTRAL HYPOTHESIS

We hypothesize that the natural history of IF including early surgical resection, enteral
deprivation, and frequent antibiotics can significantly impact the development and maintenance
of a diverse commensal microbiome. An imbalance of tolerogenic commensals and pathogenic
bacteria may disrupt intestinal permeability, promoting mucosal inflammation and bacterial

translocation leading to clinical infectious complications.

1.11 STUDY OVERVIEW

This research will provide important documentation as to which bacteria are cultured in
bloodstream infections for children with SBS, the frequency of such infections and the
preliminary leukocyte response at the time of infection. In addition; we sought to complete one
of the first high-thoroughput 16S rRNA fecal analysis of their microbiome. Microbiome

diversity and composition in this cohort can have clinical implications by influencing feed
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advancement, growth, diarrhea and bloodstream infections. Furthermore, our prospective
analysis of inflammation and intestinal permeability may advance our understanding of frequent

CLABSI and septic events.
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ABSTRACT

Background: Children with Intestinal Failure (IF) experience frequent bloodstream infections
and require prolonged use of central venous catheters (CVC) for parenteral nutrition. We sought
to review all confirmed bloodstream infections (BSI) for a cohort of children, including
laboratory findings upon presentation. Rates of central line-associated bloodstream infections

(CLABSI) were calculated and catheter salvage practices were reviewed.

Methods: We conducted a retrospective review of 12 children with IF secondary to short bowel
syndrome. Data was collected for each BSI including microorganism growth, culture growth
time and laboratory results at presentation. Only BSI infections that met Infectious Disease
Society of America criteria were categorized as CLABSI. For each CLABSI, parameters

evaluated included number of organisms detected and catheter salvage rates.

Results: The most frequent pathogens identified were coagulase-negative Staphylococcus,
Enterococcus species, Klebsiella species and Candida species. Study participants generally
presented with normal leukocyte counts, neutrophils and modestly elevated C-reactive protein
(median 32.3, IQR 7.5,72.9). There was no significant difference in leukocyte counts based on
the microorganism cultured. There were 2.4 CLABSI per 1000 catheter-days. The majority of
CVC’s (53%) were promptly removed after CLABSI diagnosis; 25% were salvaged and 22%

required CVC removal following pathogen regrowth.

Conclusions: In this cohort of IF patients, most bacteremias involved enteric pathogens and
11% of all BSI were Candida infections; consequently, empiric anti-fungal treatment could be
considered in the setting of potential CVC infection. Normal leukocyte counts and mild
elevation in C-reactive protein levels are commonly observed in the setting of documented BSI

in children with IF.
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INTRODUCTION

Short bowel syndrome remains the most common cause of intestinal failure (IF) in children'.
Surgical resections leading to short bowel syndrome (SBS) in the neonatal period are often due to
necrotizing enterocolitis, gastroschisis, intestinal atresias and volvulus'. Extensive surgical
resections can result in an inability to maintain energy and fluid balance on enteral diets requiring
long-term life-sustaining parenteral nutrition (PN)'>. Children with IF have substantial morbidity
given their reliance on central venous catheters (CVCs) for daily nutrition" ?; they present with
frequent central line-associated bloodstream infections (CLABSI) and sepsis represents a
significant cause of mortality in this patient population” > *. In addition, recurrent CLABSI can
alter a child’s clinical outcome as frequent sepsis, loss of central venous access due to thrombosis,
and the necessity for repeated catheter replacement after infection remain possible indications for

intestinal transplantation’.

Fever in a child with IF could represent life-threatening sepsis. Pediatric health care providers
must consider the possibility of a bloodstream infection (BSI) when evaluating an unwell child
with IF, given that fevers in children with CVCs due to a primary gastrointestinal diseases are
associated with bacteremia more than half the time®. In contrast, children with cancer who had
CVCs and presented to the emergency department (ED) with fever were found to have BSI far less
frequently (9% of visits) in a previous cohort study®. Upon presentation, initial work up for sepsis
often includes evaluation for leukocytosis or leukopenia, as well as inflammatory markers such as
C-reactive protein (CRP)"”, prior to initiating empiric antimicrobial therapy'’.  Antibiotic
selection and duration should be further tailored if an organism is identified. Appropriate

management of CLABSI often involves removing the catheter, though occasionally it can be
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salvaged using antimicrobial therapy alone'’. Leaving an infected catheter in situ increases the risk
of infection recrudescence or relapse but reduces surgical procedures to preserve critical CVC

access sites.

We completed a single-centered retrospective review of confirmed BSIs in patients with pediatric
IF to provide further insight into microbiologic etiology, to delineate leukocyte response and
biomarkers in the setting of septicemia, and to review catheter salvage following CLABSI

diagnosis.

METHODS:

We performed a retrospective chart review of 12 children followed at McMaster Children’s
Hospital. Children younger than 18 years of age followed by the specialized Short Bowel
Rehabilitation team were eligible for inclusion. These 12 children had been enrolled in ongoing
prospective studies and all had required PN for IF delivered through a peripherally or centrally
inserted catheter (Broviac, Port-a-Cath). Children were not excluded if they had ultimately
achieved enteral autonomy, but only their catheter days with PN were included in the study. For
the purpose of this study, intestinal length was obtained from operative reports including the
shortest measured length of small intestine, the timing and gestational age corresponding to that
measurement. Small intestinal lengths were compared to previously published normal values''.
Gestational age, total number of catheter days, ileocecal valve and colon preservation were
collected from previous records. Ethics approval was obtained from the Hamilton Integrated

Research Ethics Board for retrospective analysis.
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Microbiology of Bloodstream Infection

We reviewed all blood culture results from included participants while they were receiving PN.
Bloodstream infection was defined as 1) a central and/or peripheral culture positive for
Staphylococcus aureus, gram-negative bacilli, Candida species or Enterococcus species, or 2) a
positive central AND peripheral culture OR repeated positive central culture for the following
pathogens: coagulase-negative Staphylococcus (CoNS), Bacillus species., Leuconostoc species, or
viridans group streptococci. A given ‘episode’ of BSI referred to the period of time where a patient
had blood cultures positive for the same pathogen(s) for the purpose of determining the overall
incidence of BSI and the clinical presentation of the patient at the onset of infection. BSI rate per
1000 catheter days was calculated. The time to positivity of all cultures was recorded, as was

concurrent antimicrobial therapy.

Laboratory Results

For each BSI episode, the patient chart was reviewed to permit abstraction of the following
laboratory tests at the onset of illness: white blood cell count (WBC), absolute neutrophil count
(ANC), percentage of total WBC represented as neutrophils, monocytes, and lymphocytes, and
CRP. Reference ranges were applied across all age groups as normal total leukocyte count 4.5 to
13.5x10(9)/L, normal ANC 1.5 to 8.0x10(9)/L and lymphocyte range 1.5 to 6.8 x10(9)/L.
Distributions of these tests were plotted and stratified by infecting pathogen looking at solely
monomicrobial BSIs; non-parametric ANOVA was used to explore potential differences.

Pathogens were grouped by genus level or at a species level for clinical relevance.
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Central Line Associated Bloodstream Infections

CLABSI was defined as both a positive central and peripheral culture with a differential time to
positivity of greater than two hours, as per the Infectious Diseases Society of America (IDSA)
definition'’. We recorded whether CVCs were removed promptly or treated with antimicrobials
alone for each episode of CLABSI. We defined ‘prompt” CVC removal as a central line
immediately removed following positive blood cultures or removed within 7 days due to repeated
positive blood cultures. Any regrowth of the same organism was identified if growth was beyond
the first seven days. A CVC was considered successfully salvaged if no regrowth of the same
organism occurred subsequent to the first week requiring further therapy or line removal. Salvage
failure was defined as the re-growth of the initial infecting pathogen in a blood culture later than

7 days from the initial blood culture up to 6 months after the initial infection.

The distribution of results was assessed visually and with a D’Agostino-Pearson omnibus
normality test. The groups were not normally distributed and consequently, a non-parametric
analysis was performed with Kruskall-Wallis ANOV A and Mann-Whitney U test with Bonferonni
correction for multiple testing. Data is presented as means with confidence intervals (CI) or

median and interquartile ranges (IQR).

RESULTS:

Demographics

The 12 children with IF enrolled in this study had a cumulative total of 18,166 catheter days with
a median of 867 catheter days (IQR 482.8, 2775) per patient. The etiology of IF included

necrotizing enterocolitis (41.7%), gastroschisis (33.3%) and malrotation with midgut volvulus
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(16.7%). The median length of residual small bowel was 42cm (IQR 26.1-57.5) which is 20.4%
of expected small intestine length compared to published norms (IQR 16.1, 48.8%)'". Fifty-eight
percent of patients had a preserved colon and ileocecal valve. Full demographics are presented in

Table 1.

Microbiology of Bloodstream Infection

A total of 186 positive blood culture isolates were considered for analysis between 2006 and
October 2016. One hundred and six blood cultures (57%) fulfilled criteria for BSI as determined
above. All included patients experienced at least one BSI (range 1-27 per child) and no patients
developed BSI subsequent to PN discontinuation or CVC removal. The rate of BSI in our cohort
over the study period was 5.84 per 1000 catheter days. There was a total of 27 different organisms
isolated from positive cultures (Figure 1). The most prevalent organism was coagulase-negative
Staphylococcus (n=36, 34%), followed by Enterococcus faecalis (n=24, 23%), Klebsiella oxytoca
(n=11, 10%) and Klebsiella pneumoniae (n=11, 10%). As a group, Enterobacteraceae were more
prevalent than any other bacterial family and accounted for 35% (n=37) of positive cultures. Fungi
accounted for 11% (n=12) of all positive blood cultures: Candida albicans (n=6, 5.6%) was most
prevalent and followed by Candida tropicalis (n=2, 1.9%), Candida parapsilosis (n=2, 1.9%),

Candida glabrata (n=1, 1%) and Candida krusei (n=1, 1%). No obligate anaerobes were isolated.

Leukocyte and Neutrophil response

Our study participants were found to have median leukocyte and neutrophil counts in the normal
reference range at the presentation of a BSI (Figure 2-4). The median total leukocyte count was

6.95 (IQR 4.6-10.2), with a median neutrophil count of 3.7 (IQR 2.0-6.1), and percent ANC
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median 58% (IQR 36-69.5%). Leukopenia and leukocytosis were present in 22.2% and 13.3% of
our cohort, respectively, leading to a sensitivity of 35.5% for an abnormal WBC count predicting
BSI.  As a group, 12.4% had neutropenia (ANC<1.5x10°/L) and 13.5% had neutrophilia
(ANC>8x10°/L) at BSI diagnosis, leading to an overall sensitivity of 25.9% for abnormal ANC.
Most patients presented with a mildly elevated CRP (median 32.3 mg/L, IQR 7.5-72.9), though

values were only available for 35 BSI episodes (Figure 5).

We next compared the WBC, ANC, and CRP at BSI presentation for the most common isolates
including CoNS, Enterococcus species, Klebsiella species, Staphylococcus aureus, Candida
species and Escherichia coli; there was no statistically significant difference between groups

(Figures 2-5).

CLABSI Results

Of the 106 BSI, 43 met the IDSA definition for a CLABSI. The rate of CLABSI in our study
cohort was 2.4 per 1000 catheter days. Chart review identified that 47% of children with IF were
on oral antibiotic treatment at the time of initial presentation; these consisted of predominantly
cycled antibiotics for presumed small bacterial overgrowth with 75% on one or more of
metronidazole, gentamicin, trimethoprim-sulfamethoxazole or cephalexin. Of all CLABSI, 28%
were polymicrobial. The median time to central positivity was 7.6 hours (IQR 5, 12 hours) and
the median time to peripheral positivity was 17.8 hours (IQR 10.5, 27 hours). No central line
culture grew after 24 hours, whereas 9 pathogens were isolated after 24 hours in the peripheral

cultures. These late-growers included CoNS, Candida parapsilosis, Candida albicans, Candida
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tropicalis, Acinetobacter species and Alcaligenes faecalis. The maximum recorded peripheral

culture positivity was 50.4 hours which identified CoNS.

Just over half (22/43, 51%) of these 43 CLABSI episodes were managed in part via prompt
removal of the central line. The CVC was successfully salvaged for 25.6% (11/43) of the CLABSI
in this cohort; infecting pathogens in this group included CoNS (8/11), Escherichia coli (1/11),
Enterococcus species (2/11) and Klebsiella pneumoniae (1/11). The remaining CVC (10/43,
23.3%) that were not removed promptly were later considered salvage failure when they regrew
the same organism at an average of 20.8 days (minimum 8 days, maximum 38 days) following

therapy. No patient died in this cohort.

DISCUSSION:

Children who have IF represent a unique cohort of children with frequent sepsis and bloodstream
infections. Multiple hypothesized factors may contribute to the increased rate of BSI including
small bowel bacterial overgrowth, increased intestinal permeability, bacterial translocation, and
frequent access to the CVC* °. This retrospective review of children with IF sought to review

microorganism cultures, laboratory results, and CLABSI management.

Our results are similar to previous reports documenting CoNS, Enterococcus, Klebsiella and
Candida species as the most common pathogens identified in BSI among children with IF>* % 2,
Other investigators have identified different patterns of BSI in children with primary

gastrointestinal disorders as compared to children with other chronic conditions’; these include

more polymicrobial infections and more infections with common colonizers of the large intestine®.
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We identified that 61% of all BSI in our study population were caused by Enterobacteriacaeae
(Escherichia, Klebsiella, Enterobacter, Citrobacter, Proteus, and Serratia species) or
Enterococcus species.; this is consistent with previous studies of BSI in children with IF that found
up to 61-66% of isolates were these ‘enteric’ pathogens™®. The predominance of the genus
Enterococcus, specifically, is interesting, and potentially speaks to the pathogenesis of BSI in
children with IF; previous cohort studies of children with non-peripherally inserted central
catheters have generally found many fewer BSIs caused by these pathogens'. As anaerobic
cultures may have been infrequently ordered, the prevalence of obligate anaerobe infection was
likely underestimated. Repeated septicemia with enteric pathogens raises questions about

intestinal permeability as a possible source for BSI.

Our study identified a BSI rate of 5.84 per 1000 catheter days and CLABSI rate of 2.4 per 1000
catheter days. This is likely an underestimate given our strict inclusion criteria and application of
the IDSA criteria requiring us to exclude a majority of positive cultures. Previous reports have
identified higher rates of CLABSI in children with IF (8.9 per 1000 catheter days) which exceed
rates in children who are broadly immunocompromised as a result of chemotherapy (2.85 per 1000

catheter days)" '*.

We also found that candidemia was a relatively frequent occurrence, comprising 11% of all BSI
in our cohort; this is higher than reported in other Canadian pediatric populations'”. Pediatric IF
and receipt of PN or lipids are independent risk factors for Candida infections'”; a previous large

5

study observed that 22% of children with IF experienced candidemia" '°. The majority of

fungemias in our cohort were caused by Candida albicans, Candida tropicalis and Candida
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parapsilosis, though we did observe infections with the more difficult-to-treat Candida glabrata
and Candida krusei. Multiple candidal infections were documented in only 4 children; these
individuals had retained catheters for a median of 3044 days (IQR 2484, 3599), compared to the
other 8 children who had lines in sifu for a median of 492 days (IQR 339, 873). Diagnosis and
prompt treatment of invasive Candida infections is imperative as candidemia has been associated
with mortality rates from 7.7 to 26%'® . Potential pathogenic mechanisms of fungal BSI in
children with IF include gastrointestinal translocation due to altered intestinal epithelial barriers as
well as from increased colonization rates resulting from frequent antibiotic use'> '°. The IDSA
Clinical Practice Guidelines for the Diagnosis and Management of Intravascular Catheter-Related
Infections suggest empirical therapy for candidemia in those with risk factors such as total PN or
prolonged use of broad-spectrum antibiotics'’. Given the occurrence of these risk factors in our
cohort, further research is required to identify if particular children with IF should also be treated

empirically for fungal infections in the setting of presumed sepsis.

Although host response to infection varies among individuals, in this cohort of children, few
appeared to mount an increased leukocyte or neutrophil count in the setting of an infectious
microorganism in their bloodstream’. Normal leukocyte and neutrophil counts were identified in
most children on the day they presented with a confirmed-bloodstream infection; this immune
response did not seem to vary significantly by infecting pathogen. This finding appears quite
different than the typical immune response of healthy children; previous literature identified that
up to 65-74% of children with bacterial infection presented with an elevated leukocyte count
>15,000cells/mm3” ', It is unclear if a normal leukocyte count in the setting of bacteremia

suggests an alteration in the immune response for children with IF. To date, there are limited
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studies examining the immune response in pediatric SBS. In our cohort, children with SBS
appeared to have normal quantities of neutrophils; however previous research has observed

impaired killing in vitro when challenged with CoNS".

CRP is a widely available biomarker, well established to correlate with the inflammatory response
in pediatric sepsis and line infection’. We observed a slight rise in CRP (median 32.3) in children
with IF at first presentation of confirmed BSI. Our results indicate that blood tests commonly
ordered by front-line physicians evaluating children for invasive bacterial or fungal infections,
such as leukocyte counts or CRP, have little to no value in the diagnosis of BSI in children with

IF due to their very limited sensitivity; this is in contrast to findings of other cohort studies'?.

We identified that only 25% of children had their CVC salvaged following a CLABSI, lower than
other studies reporting salvage rates of 42 to 72% for all monomicrobial infections'>. However, it
is difficult to compare CVC salvage rates between studies, as there is both objective (eg.
Staphylococcus aureus infection) and subjective (eg. ‘septic appearance’) criteria governing the
appropriateness of catheter removal'’. Previous publications have reviewed successful CVC
salvage in the setting of Staphylococcus aureus, enteric organisms and polymicrobial infections'?,
however, the benefit of leaving the catheter in place must be carefully balanced against the
significant risk of persistent or recrudescent BSI. It should be noted that nearly half of the children
who did not have their CVC removed promptly, had an incompletely-sterilized catheter likely

cause a second episode of BSI.

Our study presents with several limitations including the within-group variation in type of CVC,

age, hospitalization, cycled antibiotics and use of ethanol locks over the ten-year study period that
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was not corrected for in the analysis. The majority of patients required multiple types of catheters
and antibiotic lock therapy and all data were pooled. As this was a retrospective review, there was
no standardization for bloodwork and other ordered investigations leaving some data gaps. A
further limitation was the small sample size minimizing the ability to draw on multi-variant
analysis. This study provides only descriptive data of laboratory results and was not designed to

determine sensitivity or specificity for its use.

Children with IF present with frequent bloodstream infections which are predominantly enteric
organisms and CoNS. Fungal bloodstream infections are prevalent in pediatric intestinal failure
patients and empiric anti-fungal treatment in sepsis could be considered. For children with IF,
there are limitations in applying leukocyte or neutrophil results as a predictor of serious BSI.
Identification of severe bacterial infections, CLABSI and sepsis in children with IF requires high
clinical concern without reliance on laboratory findings. Further research is required to investigate
the inflammatory cascade in the setting of bloodstream infection to further understand any

appreciable differences in children with IF.
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Table 1. Demographic characteristics of study participants

Variable Result
Gender, n, (%)

Male 8 (66.7%)
Total catheter days, median (IQR) 867 (482.8 - 2775)

Etiology of intestinal Failure, n, (%)
Necrotizing enterocolitis 5 (41.7%)
Gastroschisis 4 (33.3%)
Malrotation with mid-gut volvulus 2 (16.7%)
Isolated jejunal atresias 1 (8.3%)

Gestational age, weeks, median (IQR) 33.9(29.1-37.6)
Age at initial intestinal resection, days, median (IQR) 19 (2-154)

Shortest measured length of small intestine, cm, median (IQR) 42 (26.1-57.5)
Predicted bowel length at shortest measure, mean (SD) 20.4% (16.1-48.8%)
Age of measured shortest length of small intestine, days, median 59 (13.5-180.3)
(IOR)

Preserved ileocecal valve, n (%) 7 (58.3%)

Colon Anatomy, n, (%)
Full colon intact 7 (58.3%)
Partial or hemi-colon 4 (33.3%)
Sub-total colectomy 1 (8.3%)

Abbreviations: SD, Standard Deviation; IQR, Interquartile range at 25% and 75%
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Figure 1. Microbiology of bloodstream infections in children with short bowel syndrome by
most prevalent cultured microorganism. Abbreviation: CoNS, coagulase-negative staphylococci
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Figure 2. Box and whisker plot of absolute leukocyte count (x10°/L) at presentation of
bloodstream infection in children with short bowel syndrome. Displaying cumulative results of
n=90 bloodstream infections as well stratified by most frequent cultured microorganism.
Reference range applied across all age group depicted by horizon bars as 4.5 to 13.5x10°/L. Data
not complete if bloodwork not available from time of presentation. Abbreviation: CoNS,
coagulase-negative staphylococci; BSI, bloodstream infections
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Figure 3. Box and whisker plot of absolute neutrophil count (x10°/L) at presentation of
bloodstream infection in children with short bowel syndrome. Displaying cumulative results of
n=89 bloodstream infections as well stratified by most frequent cultured microorganism.
Reference range applied across all age group depicted by horizon bars as 1.5 to 8.0x10°/L. Data
not complete if bloodwork not available at time of presentation. Abbreviation: CoNS,
coagulase-negative staphylococci; BSI, bloodstream infections
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Figure 4. Box and whisker plot of percent neutrophil count at presentation of bloodstream
infection in children with short bowel syndrome. Displaying cumulative results of #=89
bloodstream infections as well stratified by most frequent cultured microorganism. Data not
complete if bloodwork not available at time of presentation. Abbreviation: CoNS, coagulase-
negative staphylococci; BSI, bloodstream infections
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Figure 5. Box and whisker plot of C-reactive protein (mg/L) at presentation of bloodstream
infection in children with short bowel syndrome. Displaying cumulative results of n=35
bloodstream infections as well stratified by most frequent cultured microorganism. Data not
complete if bloodwork not available at time of presentation. Abbreviations: CRP, C-reactive
protein; CoNS, coagulase-negative staphylococci; BSI, bloodstream infections
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ABSTRACT

Background: Short Bowel Syndrome (SBS) is the leading cause of intestinal failure (IF) in
children. The goal for a child with IF is to undergo sufficient intestinal adaptation to achieve
enteral autonomy and thus be able to discontinue parenteral nutrition (PN). The prognosis for each
child may be different dependent on anatomic difference such as small intestinal length, surgical
history, gestation age and the underlying etiology. The composition of the fecal microbiome may

represent an additional independent risk factor for dependence on PN.

Aims: We sought to compare the intestinal microbiome of children who continue to require PN
(defined as SBS+IF) to those with SBS who have discontinued PN, and control children using
high-throughput sequencing to further understand host-microbe interactions in this population.
Furthermore, we quantified the short chain fatty acid (SCFA) production between groups as well

as total fecal bacterial load.

Methods: A total of 53 samples were submitted over 6- 15 months. Six children with SBS +IF
submitted 34 samples, 6 children with SBS who previously had discontinued PN submitted 15
samples; these were compared to samples from 5 control children. Fecal samples were analyzed
by 16S rRNA partial gene sequencing using the MiSeq Illumina sequencer. SCFA levels,
including butyric acid, were measured in stool samples by mass spectrometry. Bacterial load was

measured by qPCR.

Results: Enteric samples from those with SBS+ IF demonstrated the most substantial dysbiosis
with the lowest Shannon diversity and an abundance of the Escherichia genus seemingly
attributable to the pro-inflammatory species E. coli. There was a significant 168-fold increase in

the abundance of Escherichia compared to control children. Commensal anaerobes known to
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produce SCFA including Ruminococcaceae and Lachnospiraceae were significantly reduced in
those with SBS. Similarly, measured butyric acid was significantly reduced in children with IF
compared to controls (median 0.37nmol/mg vs 10.92nmol/mg; p<0.0001). Children with IF had a
significantly reduced bacterial load in stool samples compared to controls (median 124.2nmol/L
vs 1225nmol/L; p=0.006).

Conclusion: Dysbiosis characterized by a reduction in diversity and over-population of
Escherichia, as well as a significant reduction in the SCFA butyric acid were identified in children
with IF. These findings have potential implications for intestinal epithelium barrier function,

intestinal permeability, and host-microbe immune response in this patient population.
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INTRODUCTION

Pediatric intestinal failure (IF) is defined as an inability to maintain energy, electrolytes, protein,
or fluids without life-sustaining parenteral nutrition'. The most common etiology of IF is short
bowel syndrome (SBS), where surgical resections have minimized the length of small intestine
due to conditions such as necrotizing enterocolitis, gastroschisis, and intestinal atresias®. Children
with short bowel syndrome represent a heterogeneous group with differences in small intestine
and colon length, segment of resection, and preservation of the ileocecal valve. The goal for a
child with IF is for intestinal adaptation and to achieve enteral autonomy with subsequent
discontinuation of parenteral nutrition (PN). The prognosis for individual children may be
different dependent on anatomic differences such as small intestinal length, the number of
abdominal laparotomies, gestational age, and the underlying disease such as gastroschisis’. The
composition of the fecal microbiome may represent an independent risk factor for parenteral

nutrition dependence.

The Human Microbiome Project has demonstrated that the complex bacterial ecosystem residing
in the human gastrointestinal tract can have a profound impact on human health and disease *. As
the composition of a person’s microbiome influences intestinal epithelial barrier integrity and
bacterial translocation, it is of critical importance in the SBS population to further characterize
patterns of dysbiosis 7. Recent publications of microbial diversity in those with SBS have
identified a reduction in alpha diversity and abundance of the Proteobacteria phylum® °. Our
prospective study sought to characterize fecal differences in the composition of the microbial
communities between children with SBS who have successfully achieved enteral autonomy and

those who have remained on parenteral nutrition.
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Short chain fatty acids (SCFA) are the products of dietary fibre and resistant starch fermentation

10, 11

by anaerobic colonic bacteria Butryate, specifically, is central to colonic epithelial integrity

and is the primary energy source for these cells'” !

. We sought to evaluate the SCFA quantity in
stool samples and correlate with butyrate-producing Clostridia species by 16s rRNA sequencing.

To our knowledge, this is the first prospective cohort study of children with SBS to evaluate SCFA

quantity in combination with bacterial profiling by 16s rRNA gene sequencing.

METHODS:

We conducted a prospective cohort study of children with SBS followed by McMaster Children’s
Hospital Pediatric Short Bowel Syndrome Rehabilitation Team. The first cohort consisted of
children with SBS and intestinal failure for Group 1 who were less than 16 years of age with SBS
(defined as those who required monitoring by the Pediatric Short Bowel Syndrome Rehabilitation
Team) and who, at the time of enrolment, had required a minimum of twice-weekly PN for a
component of caloric intake for a minimum of three months. The second cohort were children less
than 16 years of age with SBS (defined above) who had previously required home parenteral
nutrition for a minimum of three months but at the time of enrollment had discontinued PN and
achieved enteral autonomy. The third cohort were control children, age- and sex- matched who
had no underlying gastrointestinal illnesses and were recruited from a pediatric hematology clinic.
Ethics approval was obtained from the Hamilton Integrated Research Ethics Board and consent

was obtained from each participant.
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Data Collection:

Demographic information was collected at each clinic visit following enrolment, including age
and anthropometry (z-scores calculated through STAT GrowthCharts Lite). Medical records of
study participants were reviewed and the following information abstracted: etiology of short
bowel, gestational age, presence of ileocecal valve, degree of preservation of the colon and total
number of indwelling vascular catheter days. The shortest measured length of small intestine was
obtained from operative reports. These were compared to previous published norms 2. Stool
samples were obtained at each clinic visit for up to six visits. Six stools were collected for patients
in Group | and a minimum of 2 samples were collected for patients in Group 2. A 24-hour dietary
recall was submitted at the time of stool sample collection and was reviewed by a Registered
Dietitian. Each dietary recall was analyzed by Health Canada’s Canada Nutrient File or associated
nutrition profile. Total fibre consumption was calculated. Antibiotic use in previous 2 weeks, PN
use, and PN constituents were recorded at each visit. Growth was reviewed over the data collection

period with weight and height expressed as z-scores.

Stool Studies:

Stool specimens were stored in a sterile sample container and kept frozen until delivered to the lab
where samples were transferred into four 2 mL cryovials and frozen with liquid nitrogen for 16s
rRNA sequencing of microbiota. Bacterial community profiling of 16S rRNA genes was carried
out using 250 nt paired end reads of the V3 region using the MiSeq Illumina sequencer. Reads
were processed into an OTU table using the sllp pipeline”. In brief, reads were trimmed of

14, 15

adapters and low-quality bases using cutadapt, and merged using PANDAseq ™~ °. Reads were

39



M.S.c Thesis — J. Dowhaniuk, McMaster University - Medical Sciences

then clustered into OTUs at a 97% cutoff using AbundantOTU, and OTUs are assigned taxonomy
using the RDP Classifier via QIIME'®".  Each participant’s first stool sample submitted for this
study was also analyzed for total SCFA quantity by mass spectrometry. To extract short chain
fatty acids, 30 mg stool samples for each subject were acidified with equivalent 3.7% HCIL
Samples were extracted twice with ether, derivatized, and analyzed by GCMS. Acetic acid,
propionic acid, isobutyric acid, butyric acid, isovaleric acid, pentanoic acid, and lactic acid were
quantified and reported as nmol/mg. Calibration curves were reviewed. Duplicates were
completed for three samples and percentage recovery was calculated. One subsequent stool was
analyzed by qPCR for total bacterial load. Only bacteria were analyzed, and each sample was
diluted 1/10 to produce reasonable standardized curves. Each sample was analyzed in duplicate

and the mean result was used in downstream analysis.

DATA ANALYSIS

Microbiome Analysis:

20-22

All microbiome analyses were conducted in R . The phyloseq package (version 1.19.1), and

the tidyverse packages (dplyrv. 0.7.2, tidyr v. 0.6.1, and readr v. 1.1.1), were used for data curation

23-26

and manipulation in R“™. Plots of microbiome data and statistical models were generated using

3

ggplot2 *’. Statistical models used the ImerTest wrapper for the Ime4 package ** The ‘vegan’

package was used to model beta diversity >,
Shannon diversity scores were calculated on samples that had been rarefied (without replacement)
to 21,016 reads (the smallest library size). Using ImerTest and Ime4, we fit a linear mixed model

to investigate the effects of illness severity and the presence of ileocecal valve and intact colon on

Shannon index. We used a random effect of individual to correct for non-independence of multiple
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samples from the same patient. Bray-Curtis values were computed on rarefied samples. A
permanova test was run using the ‘vegan’ package in R to determine the contribution of illness
severity to among-sample variation. Tests of differential OTU abundance for a number of taxa of
interest were conducted with the ImerTest and Ime4 packages in R, on arcsin-sqrt-transformed
relative abundance data, with a fixed effect of illness severity and random effect of individual. The
dominant OTU (OTU 1, assigned to genus Escherichia) was assigned to species using the
GreenGenes 2013 database and subjected to oligotyping to identify internal structure within that

OTU".

Abundance of obligate aneorobes in the Clostridia class were investigated, as these bacteria are
known to have anti-inflammatory properties via T regulatory cell expansion and short chain fatty
acid production®. As previous pediatric papers have investigated non-pathogen Clostridia such
as Clostridiaceae, Erysipelotrichaceae, Eubacteriaceae, Lachnospiraceae, and Ruminococcaceae
in the context of short bowel syndrome and pediatric GVHD, we similarly assessed the differential

g . . 31.32
abundance of these families in our population™ ™.

Short Chain Fatty Acids and Bacterial gPCR

Quantity of acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, pentanoic acid
and lactic acid were analyzed for each subject from one stool sample. Five samples were
submitted for Group 1, six for Group 2 and 5 for Group 3. Differences between groups were
analyzed by non-parametric Kruskal Wallis test. Differences in fecal bacterial load in nmol/L

were analyzed between groups for all samples collected (n=53) by non-parametric Kruskal Wallis
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test testing. Results were re-analyzed by presence/ absence of ileocecal valve and intact colon to

assess if any statistical difference existed between these groups.

Statistical analysis of demographics, fibre quantity, SCFA concentration and qPCR was completed
using GraphPad Prism (GraphPad software, San Diego, CA). Statistical significance is accepted
at p<0.05. Descriptive data is presented as medians with interquartile range or mean with
confidence interval. Demographic analysis between groups assessed by Mann-Whitney or Kruskal

Wallis tests.

RESULTS:

Demographics:

Seventeen children were recruited in our study (Group 1 n=6; Group 2 n=6; Group 3 n=5) and 53
stool samples were submitted over 6-15 months (Figure 1). Up to six samples were submitted by
each patient in Group 1 (total 34), 2-3 samples were submitted by each patient in Group 2 (total
14) and one sample was submitted by each child in Group 3 (total 5). The median age of children
in group 1 was 67 months old (5.6 years) compared to 47.5 months in group 2 and 65 in group 3
(p=NS). At the onset of the study, the median catheter days in Group 1 was 2023 (IQR 811-2947)
in Group 1 compared to 484 (IQR 274, 588) in Group 2 (p<0.05). All children in Group 1 had a
central line and all central lines had been removed in Group 2. Shortest measured length of residual
small bowel in Group 1 measured 26.5cm (IQR 24.75, 40) compared to 55cm in Group 2 (IQR
31.2, 89; p<0.01). These differences were to be expected as the groups were defined by the
ongoing need for PN and persistent [F. The children in our control group on average had a higher

z-score for both weight and height than the children in Groups 1 and 2. There was no statistical
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difference in weight or height z-score between Group 1 and Group 2. The etiology of intestinal
failure included necrotizing enterocolitis, gastroschisis, and malrotation with mid-gut volvulus. In
Group 1, three patients had a preserved ileocecal valve and full colon compared to 4 in Group 2
(p=NS). There were no differences in gestational age or date of resection between Groups 1 and

2.

No patient was taking a probiotic during the time of study; however, 83% (5 of 6) of those with IF
(Group 1) had been treated with an antibiotic during the study period for small bowel bacterial
overgrowth (SIBO) or previous sepsis. These antibiotics included trimethoprim, metronidazole,
vancomycin, rifaximin and ciprofloxacin. Two of six children in Group 1 remained on SIBO
treatment throughout the study period alternating 1 week on, 1 week off, while the other three
children were treated intermittently for SIBO. There was a significant difference in antibiotic use
between groups, as only one patient each in Groups 2 and 3 had been treated with antibiotics within
2 weeks for indications other than SIBO (p<0.05). These antibiotics included Amoxicillin and

Metronidizole. Full demographics are presented in Table 1.

Microbiome Diversity

A total of 1853 OTUs were detected across 53 samples. Children with IF + SBS (Group 1) and
SBS (Group 2) had significantly reduced Shannon indices compared to control children (Figure 2)
(p<0.05). Those with IF appeared to have the greatest reduction in Shannon indices, however
there was no significant effect between Group 1 and 2. Presence or absence of a colon and

ileocecal valve did not have a significant effect (p=0.3) in the linear mixed model.
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Permanova testing of Bray-Curtis distances found that 18% of among-sample variation was
explained by Group. Although the effect is significant (p<0.001), it is small. Principal coordinate
analysis of the Bray-Curtis values (Figure 3) suggests that the tight clustering of the healthy
controls likely accounts for most of this effect. The results shown are the outcome of a single

rarefaction; however, the results were robust to multiple rarefactions (data not shown).

Taxonomic Abundance Pattern: Escherichia Abundance

There was a significant increase in the abundance of Proteobacteria in children with SBS-IF
(Group 1) and SBS (Group 2) over controls. In our controls, Proteobacteria only represent 5%
of the total abundance, while three stools samples from Group 1 contained Proteobacteria
abundance greater then 94%. Furthermore, we analyzed abundance patterns within the
Proteobacteria phylum at the class, order, family, genus level, and the same trend was seen in
Gammaproteobacteria, Enterobacteriaceae and Escherichia (Figures 4-7). This investigation
down the taxonomic tree revealed that this increase was the result of very high levels of
Escherichia, so our further analysis focused on that genus. In healthy controls, Escherichia had a
mean abundance of 0.25%, with a maximum abundance of 0.66%. In Group I, the mean
abundance of Escherichia was 42%, with four samples consisting of more than 90% Escherichia,
while Group 2 had a mean Escherichia abundance of 24% and a maximum of 66% (Figure 7).
This represents a 168-fold increase in Escherichia between control children and those with IF +
SBS. A significant difference was detected between all SBS groups and controls however no
significant difference was detected between Groups 1 and 2.  The Escherichia genus was
dominated by a single OTU, OTU 1, which assigned to species E._coli in the GreenGenes 2013

database with 54% certainty according to the RDP classifier. A single oligotype made up 89% of
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the sequences in this OTU, with no apparent structure to the distribution of the remaing 11% (3

oligotypes) (Figure 8).

Clostridia genera with anti-inflammatory properties

Of the Clostridia investigated generally associated with anti-inflammatory properties,
Clostridiaceae, Eubacteriaceae, Lachnospiraceae, and Ruminococcaceae were present in our
samples. The proportion of Ruminococcaceae were significantly reduced in children with SBS-
IF and SBS (means 0.2% and 2.6% respectively) compared to controls (Group 3; 18.6%) (Figure
9). No significant difference between Groups 1 and 2 was detected. The proportion of
Lachnospiraceae were also significantly reduced (Group 1 mean 11%, Group 2 mean 34%) vs.
healthy controls (mean 51%). In controls, there was a 5-fold increase in Lachnospiraceae and a

93-fold increase in Ruminococcaceae compared to the children with IF (Group 1).

Short Chain Fatty Acids:

There was a significant difference in fecal butyrate quantity between Group 1 (median
0.37nmol/mg), Group 2 (6.51nmol/mg) and controls Group 3 (10.92nmol/mg) with higher butyrate
production in the microbiome of healthy controls (p<0.0001) (Figure 10). Quantities of other
short chain fatty acids including acetic acid, propionic acid, isobutyric acid, lactic acid, pentanoic
acid, and isovaleric acid were not statistically different between groups (Table 2). Interestingly,
the one stool obtained from a children in Group 2 who was on antibiotics had the lowest quantity
of acetic acid, isobutryic acid, propionic acid, pentanoic acid and isovaleric acid, however the

highest quantity of lactic acid (22.8nmol/mg compared to median 0.35nmol/mg stool).
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Fecal Bacterial Load:

Children with IF had only 10% of the bacterial load of children in the control group. Children
with IF had the lowest bacterial load by qPCR, with a median of 124.2nmol/L (IQR 69, 270),
compared to 279nmol/L in Group 2 (IQR 230, 845) and 1225nmol/L in controls (IQR 460, 1753)
(p=0.006) (Table 2). When qPCR data was re-analyzed by presence or absence of an ileocecal
valve, the observed effect size was much smaller and there was no statistical difference (ICV valve
present median 152nmol/L, ICV absent 192nmol/L; p 0.83). Therefore, the overall quantity of
bacteria in stool samples appears to be associated with disease and not presence of absence of an

ileocecal valve.

DISCUSSION:

Children with IF and short bowel syndrome require long term PN to survive’. Complications of
this rare diagnosis are severe, including frequent sepsis, PN-associated liver disease, and feeding
intolerance’. Despite ongoing advancements in bowel adaptation strategies, a proportion of
children require liver and/or intestinal transplants and the overall mortality rate remains 25%>.
While children with IF may represent a heterogeneous cohort with varying intestinal lengths and
etiologies for short bowel syndrome, we sought to further investigate a common microbial
signature.  Taxon abundance differences between children with SBS who achieved enteral
autonomy and those with IF may play a role in the physiology of this disease. Furthermore,
microbial products such as short chain fatty acids are important to the host metabolism and for

energy harvest, and could influence clinical outcomes for children with SBS.
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Children with IF have a reduction of bacterial diversity compared to that of controls. This is
consistent with a recent publication demonstrating a similar reduction in Shannon diversity index
of a subset of their cohort with SBS on PN as compared to those who had weaned from PN °. We
failed to find any effect of colon resection or absence of an ileocecal valve to explain the difference
in Shannon diversity indices. A number of factors could predispose children with SBS to the
identified dysbiosis, including short- and long-term enteral deprivation, recurrent antibiotic

courses, elemental formula diets, repeated surgical intervention and dysmotility >>°.

While this study demonstrates association, we cannot conclude if the microbial composition is a
by-product of the disease or if it contributes to the underlying physiology for the reliance of PN.
In piglet models of SBS, a reduction in bacterial diversity has been reported as early as six weeks
post-intestinal resection demonstrating the early influence surgical resection has on dysbiosis **;
however, long term continuation of PN is secondary to many factors, including the length of
remaining bowel and the presence of an ileocecal valve’. Microbial composition is likely
important to the natural history of this disease. One of the limitations to weaning PN is whether
feeds are tolerated. Tolerability of feeds can be influenced by gas production, diarrhea, small
bowel bacterial overgrowth, and dysmotility, all of which can be influenced by intestinal bacterial
composition’.  Furthermore, bacterial by-products have been associated with improved bowel
adaptation post-surgical resection, including electrolyte and water balance'®. These suggest that

the microbiome may play in an important role in SBS physiology.

The Proteobacteria phylum, to which Escherichia belongs, usually represent less than 1-2% of

the microbial community of the intestine *. Our study identified the lipopolysaccharide-containing

47



M.S.c Thesis — J. Dowhaniuk, McMaster University - Medical Sciences

and often pro-inflammatory Escherichia (likely E. coli) as an important distinguishing feature
between healthy controls and children with SBS, with up to 95% relative abundance in SBS-IF,
compared to a maximum of 0.66% in controls. Our IF group exhibited higher proportion of
Proteobacteria than those described by Davidovics ef al.; however, in their study some children
had discontinued PN, which may explain the lower abundance’. Previous microbiome studies
have studied varying numbers of PN-independent and -dependent children with SBS > 3",
While some studies have reported an abundance to the Phylum level of Proteobacteria, others
have also described the trend through to the Gammaproteobacteria class and Enterobacteriaceae

8,315,9

family . In our study, we have identified that the abundance of Proteobacteria was almost

entirely driven by the over-abundance of the genus Escherichia and likely to the species E.coli.

Proteobacteria and/or Enterobacteriaceae abundance has been associated with prolonged PN use,
recent and current antibiotic use, enteral deprivation, and liver fibrosis and steatosis® > ** .
Korpela ef al. have proposed the bacterial overgrowth in PN-dependent children with SBS as due
to Proteobacteria and that in children weaned off PN, as due to Lactobacilli®’, however, we did
not demonstrate a similar trend of Lactobacilli in our groups. Group 2 had an incremental increase

in the proportion of Enterobactericeae as well as Lactobacilli compared to controls; however, they

had less than the IF group (data not shown).

While some trends in microbial composition may have minimal functional impact, overpopulation
of Proteobacteria has been associated with important clinical outcomes. In multiple PN-
dependent mouse models, Proteobacteria abundance has been associated with loss of epithelial

6

barrier function and bacterial translocation” *¢. Direct effects of enteral deprivation included an
p
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increase in the relative proportion of of Proteobacteria, increased Toll-like Receptor (TLR)
signaling through LPS and pro-inflammatory cytokine expression of IFN-y and TNF-a with

subsequent villous atrophy, and loss of tight junction integrity’ *°

. Of significant importance to
the SBS population, these PN-dependent mouse models subsequently experienced bacterial
translocation, with cultured bacteria found in spleen and lymph node isolates’. The similar
increase in abundance of Proteobacteria in our intestinal failure group, may contribute to

physiological changes that influence bacterial translocation, central line-associated bloodstream

infections, and sepsis.

Prospective long term studies would help to understand the cause and timeline of the shift to a
dominant Escherichia microbiome in children with SBS. Current research has provided some
associations to these microbial signatures specifically with antibiotic use. Antibiotics can have
drastic and, at times, lasting effects on microbial abundance which can reduce resistance to
colonization of opportunistic pathogens®’. Metronidizole has been found to have a similar effect
on increased abundance of Enterobactericeae *'. One can hypothesize a combination of enteral
deprivation and antibiotic use may decrease diversity and abundance of tolerogenic commensal
bacteria. This may provide the ideal host for opportunistic pathogens to flourish given the lack of
microbial competition. Antimicrobials are frequently used for small bowel bacterial overgrowth
in children with SBS. In this cohort, all children in the IF group had been exposed to antibiotics
during the study period while few in Group 2 and 3 had recent antibiotic use. In addition to
changing colonization of commensals, antibiotics can also increase resistance over time. The most

common antibiotic for SIBO, metronidazole, would not influence Escherichia resistance in the GI
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tract; however, others such as Trimethoprim could. Further research is required to study the

resistance of abundant microbes in SBS.

Microbial communities influence the absorption of nutrients, metabolism, and short chain fatty
acid production. SCFA are monocarboxylic hydrocarbons produced by aneorobic fermentation of

complex carbohydrates by colonic bacteria'® ',

SCFA promote healthy intestinal epithelial
barrier function, regulate proliferation of cells, increase mucus production, increase Na absorption
through the Na-SCFA cotransporter, and decrease pro-inflammatory cytokines'® *®. These
beneficial effects are thought to improve bowel adaptation due to enhanced electrolyte and water
absorption. Butryate is the primary energy source for colonic epithelial cells and is transported
into cells via monocarboxylate transporters'’. Here it influences gene expression via inhibition of

histone deacetylases and pro-inflammatory transcription factor NF-kB'" %!,

Butyrate also
stimulates cytoprotective heat shock protein HSP25 in rat intestinal models promoting mucosal
barrier function as well as influence colonic paracellular permeability '***. Commensal anaerobes
of the intestine, including Lachnospiraceae and Ruminococcaceae, both deficient in Groupl and
Group2, are known to produce butyrate. They predominate in the mucus layer near the epithelial
cells, and have a role in modulating immune tolerance within the GI tract’”.  Many bacteria
belonging to the Clostridia class are commensal bacteria belonging to the Clostridia clusters IV
and X7Va>**. They are important for IgA production, butyrate production, and anti-inflammatory

30, 39 33

properties via expanded colonic regulatory Foxp3™ T regulatory cells . Roseburia genus

belongs to the Lachnospiraceae family, and is a known butyrate producer with Butryl CoA:acetate

44 43

CoA transferase activity Previous research has also identified a reduction in similar anti-

inflammatory Clostridia in children with SBS *'. Given the benefits of butyrate in maintenance
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of a healthy intestinal epithelium, the low quantity of butyrate in the IF Group 1 could have
implications in paraceullar permeability, inflammatory cytokine production, lack of
cyroprotection, and the production of the mucus layer. This is turn could influence bacterial

translocation.

The cause of this reduction in anti-inflammatory Clostridia in children with SBS is unknown. In
surgical SBS piglet models, within two weeks of intestinal resection, Ruminococcaccae was
significantly reduced®. Other studies have identified a negative association of Clostridium cluster
XIVa or anti-inflammatory Clostridia with antibiotic use over the preceding three months®" >
Since fermentable fibres are the complex carbohydrates hydrolyzed to SCFA, we reviewed fibre
consumption in 24 hour dietary recalls. While fibre supplementation has had inconsistent results
in modulation of microbiome composition in clinical trials, a previous study has reported that a

45, 46
™. In our results,

high fibre meal leads to increased detectable butyrate in the serum of humans
fibre intake during the 24 hours before stool sample collection and average fibre intake over the
study period were not significantly different between groups. We suspect other variables such as

enteral deprivation, surgical resection, and recurrent antibiotic use may drive the reduction in anti-

inflammatory Clostridia class and butyrate concentration.

As with many pediatric IF studies, limitations of our study included the small sample size and lack
of consistency of stool samples between groups. While no statistically significant difference in
age existed between groups, the children in SBS Group 2 were younger than those with IF.
Microbial communities are known to change over time and with age; however, they are thought to

be stable by early childhood®’. Multiple samples over 1 year should help to ensure that a
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representative overview of the microbiome was captured. Fecal samples are representative of
distal intestine population and do not represent the mucosal microbiota, which may be more critical
in mucosal immunity®™. Our study strengths included controls who were age and sex matched;
however, only 5 control participants were obtained during the study period. While exclusion
criteria included any gastrointestinal illness, we are not able to confirm that our small control group
from the hematology clinic is representative of all children in this age bracket. In addition, we
have studied an older population of children with well-established IF and SBS to increase our
confidence in clinical outcomes between these two groups. As this is a human study, we are
limited to collection and measurement through stool. While 95% of butyrate produced is
transported in colonic epithelial cells, remaining fecal butyrate quantities are the best available
sample®. Previous researched has also documented higher butyrate levels in stool samples in

healthy control groups®”’.

In summary, children with SBS and IF have significant dysbiosis with a reduction of total bacterial
load, alpha diversity indices, and abnormal abundance with Proteobacteria shift. Commensal
Clostridia are reduced known to produce SCFA and have implications in colonic health, energy
harvest, and host metabolism. The microbial signature of children with IF are characterized by
an over-abundance of pro-inflammatory Escherichia, likely E.coli. Further research is required to
investigate fecal transplantation, probiotic use, and short chain FA supplementation for SBS
patients. Furthermore, the full effects of cycled antibiotics for small bowel bacterial overgrowth
should be evaluated given the association with Enterobacteriaceae abundance and its possible

effects on anti-inflammatory butyrate-producing commensals.
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Table 1. Demographic characteristics of study participants

Variable SBS-IF SBS Controls p value
Group 1 Group 2 Group 3
Age, months, median (IQR) 67 47.5 65 NS
(30.75, (34.75, (55,
89.5) 101.3) 101.3)
Gender, n (%)
Male 5 3 4 NS
(83.3%) (50%) (80%)
Number of indwelling vascular catheter days, median 2023 (811, 484 N/A 0.041
(IOR) 2947) (274, 588)

Etiology of intestinal Failure, n (%)
Necrotizing enterocolitis 2 (33.3%) 3 (50.0%) N/A
Gastroschisis 3 (50.0%) 1 (16.7%)
Malrotation with mid-gut volvulus 1 (16.7%) 1 (16.7%)
Isolated jejunal atresias 0 1 (16.7%)

Gestational age, weeks, median (IQR) 33.9 33.9 N/A NS
(25.8,37)  (31.2,38.6)

Age at initial intestinal resection, days median (IQR) 27.5 10.5 N/A NS
(1.8,63.3)  (1.75,32)

Shortest measured length of small intestine, cm 26.5 55 N/A <0.01

Median (IQR) (24.8,40)  (31.2,89)

Predicted bowel length at shortest measure, mean (SD)  18.35% 35.3% N/A NS

(13.8,27.5) (18.2,52.7)

Preserved ileocecal valve, n (%) 3 (50%) 4 (66.7%) N/A NS

Colon Anatomy, n (%)
Full colon intact 3 (50.0%)  4-(66.7%) 5(100%) NS
Partial or hemi-colon 3 (50.0%) 1 (16.7%)

Sub-total colectomy 0 1(16.7)
Weight z-score at initial Visit, median (/QR) -0.895 -0.92 -0.17 0.02
(-0.98, (-1.79,-0.62) (-0.47,
-0.35) 1.0)
Height z-score at initial visit, median (/QR) -0.315 -1.575 1.72 0.01
(-1.33, (-2.64, 0.4,
0.16) -0.16) 14.5)
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Antibiotic use during study period, n (%) 5(83%) 1 (17%) 1 (20%) 0.05

Abbreviations: Standard Deviation; IQR, Interquartile range at 25% and 75%
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TABLE 2. Fibre intake, Short chain fatty acid analysis and Bacterial Load Results

Group 1 Group 2 Group 3 P-value
Total Fibre Consumption of stool for 12.6 g/day 14.0 g/day 10.2 g/ day NS
SCFA analysis, median (IQR)
(5.1, 23.0) (4.5, 21) (8.6, 13.5)
Total Fibre Consumption over collected 9.5 g/day 11.3 g/day 10.2 g/day NS
clinic visits, median (IQR)
(3.5, 18.1) (7.2,21.9) (8.6, 13.5)
(n=20 samples) (n=12 samples) (n=4 samples)
Butryic acid (nmol/mg of stool) 0.37 (0.03, 1.85) 6.51 (4.08,8.5) 10.92 (8.43, <0.0001
15.79)
Acetic Acid (nmol/mg of stool) 9.48 (7.96, 36.83)  29.53 (23.43, 36.75 (26.59, NS
31.3) 44.09)
Propionic Acid (nmol/mg of stool) 2.0 (0.55,11.36) 9.025 (4.43, 8.05 (5.49, NS
15.79) 18.18)
Isobutryic acid (nmol/mg of stool) 0(0,1.4) 1.44 (0.62, 1.38 (0.58, NS
1.64) 2.47)
Isovaleric Acid (nmol/mg of stool) 0 (0, 1.07) 1.06 (1.53, 0.9 (0.29,1.72) NS
1.63)
Pentanoic Acid (nmol/mg of stool) 0 (0, 0.045) 0.07 (0.02,2.0) 1.45(0.52,3.2) 0.005
Lactic Acid (nmol/mg of stool) 0.38 (0.24,9.92) 0.58 (0.13, 0.21 (0.16, NS
7.09) 0.24)

Bacterial Load (nmol/L), median (IQR) 124.2 (69, 270) 279 (230, 845) 1225 nmol/L 0.0006
(460, 1753)

55



Relative Abundance (Families = 29%)

M.S.c Thesis — J. Dowhaniuk, McMaster University - Medical Sciences

SBS + IF Family

- Alcaligenaceae
. Bacteroidaceae
[l sitidovacteriaceae
Clostridiaceae
- Coriobacteriaceae
D Desulfovibrionaceae
. Enterobacteriaceae
Enterococcaceae
. Erysipelotrichaceae
. Eubacteriaceae
__[ Fusobacteriaceae
[l acrrospraceae

- Pasteurellaceae

| | | | | I
ds e T - M s < - ~ o ¥ “; 'é
$u T 4% 8 ¢ % g ] g
EiiE EE3EE I §E 3 F 5 & &
AEE AR A @ F A & @ A 3 A 7 A A

)
Figure 1. Relative Abundance at the Family level between control children, children with SBS

and children with Intestinal Failure.
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Figure 2. Predicted and observed Shannon diversity in control children, children with short
bowel syndrome, and children with short bowel syndrome and intestinal failure. Red points and
ranges represent predicted values and 95% confidence intervals from the statistical model, while

boxplots show the observed data’s mean, quartiles, and 5th and 95th quantiles.

57



M.S.c Thesis — J. Dowhaniuk, McMaster University - Medical Sciences

O
[ J
[ ]
o
0.50
o
) °
E_ . GrouplID
[e0] )
. 0.25- Healthy
N . ° e SBS
n
3 . e SBS-IF
o
® o
o °
0.001 e . ° .
o ® ¢ %
- o o ° L4 o ®
™ o L) ° ° o®
° g o
° ° ®
-0.25 A
-0.25 0.00 0.25 0.50

Axis.1 [31.7%)]

Figure 3A. PCoA of Bray-Curtis distances among samples. The control samples appear to cluster
together, while there is minimal clustering between samples of children with SBS and children
with SBS and IF. Approximately 17.8% of the among-sample variation is the result of group
membership. Although the effect is significant, it is small.
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Figure 3B. PCoA of Bray-Curtis distances among samples. The control samples appear to cluster
together, while there is minimal clustering between samples of children with SBS and children
with SBS and IF. Approximately 17.8% of the among-sample variation is the result of group
membership. Although the effect is significant, it is small.
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Figure 3C. PCoA of Bray-Curtis distances among samples. The control samples appear to cluster
together, while there is minimal clustering between samples of children with SBS and children
with SBS and IF. Approximately 17.8% of the among-sample variation is the result of group
membership. Although the effect is significant, it is small.
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Figure 4. Predicted and observed relative abundance of Proteobacteria in control children, children
with SBS, and children with SBS and IF. Red points and ranges represent predicted values and 95%

confidence intervals from the statistical model, while boxplots show the observed data’s mean,

quartiles, and 5th and 95th quantiles.
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Figure 5. Predicted and observed relative abundance of Proteobacteria class in control children, children

with SBS, and children with SBS and IF. Red points and ranges represent predicted values and 95%

confidence intervals from the statistical model, while boxplots show the observed data’s mean,

quartiles, and 5th and 95th quantiles. Statistical significance of Gammaproteobacteria.
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Figure 6. Predicted and observed relative abundance of Gammaproteobacteria family in control children,
children with SBS, and children with SBS and IF. Red points and ranges represent predicted values and
95% confidence intervals from the statistical model, while boxplots show the observed data’s mean,
quartiles, and 5th and 95th quantiles. Statistical significance of Enterobacteriacae.
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Figure 7. Predicted and observed relative abundance of Escherichia in control children, children
with SBS, and children with SBS and IF. Red points and ranges represent predicted values and 95%
confidence intervals from the statistical model, while boxplots show the observed data’s mean,

quartiles, and 5th and 95th quantiles.
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Figure 8. Predicted and observed relative abundance of specific families within Clostridia genera
in control children, children with SBS, and children with SBS and IF. Red points and ranges
represent predicted values and 95% confidence intervals from the statistical model, while boxplots
show the observed data’s mean, quartiles, and 5th and 95th quantiles. Statistical significance of

Lachnospiraceae and Rumnococcus.
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Figure 9. Short chain fatty acid Butryric Acid concentration in stool samples between control group,

children with SBS and children with SBS and IF.
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INTRODUCTION

Short bowel syndrome is a complex medical diagnosis following massive intestinal surgical
resection with an incidence of 21.5 per 100 000 births per year and a mortality rate of 25%" 2. It
is the leading cause of intestinal failure (IF) defined as a functional intestinal mass below what is
required to sustain electrolyte, nutrient or water balance without parenteral nutrition®>. Long-
term parenteral nutrition requires central venous access. Children with IF have frequent central-
line associated bloodstream infections (CLABSI) that can lead to sepsis which is the leading
cause of death in this patient population. As children with SBS have small bowel bacterial
overgrowth and dysmotility, increased intestinal permeability may predispose them to recurrent
CLABSI*>. CLABSI occurrence in this patient cohort is well documented, however little

research on the immune system in children with short bowel syndrome has been completed.

Up to two thirds of cultured CLABSI microbes are of the Enterobactericae family or
Enterococcus species and considered enteric bacteria with a likely gastrointestinal origin .
This family of bacteria, which includes Escherichia, Klebsiella, Enterobacter, Citrobacter,
Proteus and Serratia, has also been documented in significant abundance in the microbiome of
children with SBS via 16s rRNA high-throughput sequencing®°’. Furthermore, the class
Escherichia and species E. coli has been identified as a dominant microbe in the intestine of
children with IF (manuscript in preparation). These pro-inflammatory pathogenic bacteria may

have a role in inflammation of the gastrointestinal tract, intestinal permeability, systemic

inflammation and bacterial translocation.
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This prospective cohort study is designed to further investigate intestinal permeability and
inflammation in children with established short bowel syndrome. This includes differences in
gene expression of pro- and anti-inflammatory transcription factors and cytokine concentrations.
As previous research has identified that there are differences in the composition of the microbial
community in children with short bowel syndrome (manuscript in preparation), we sought to
investigate the permeability of the intestine. As children with IF and central line access exhibit
the highest rates of sepsis, we opted to investigate differences in inflammatory markers and
intestinal permeability between those with IF and those with SBS who have achieved enteral

autonomy. We, furthermore, compared to control groups of both children and adults.

METHODS:

We conducted a prospective cohort study of children with SBS followed by McMaster Children’s
Hospital Pediatric Short Bowel Syndrome Rehabilitation Team. The first cohort consisted of
children with SBS and IF for Group 1 who were less than 16 years of age with SBS (defined as
those who required monitoring by the Pediatric Short Bowel Syndrome Rehabilitation Team) and
who, at the time of enrolment, had required a minimum of twice-weekly PN for a component of
caloric intake for a minimum of three months (Table 1). The second cohort were children less
than 16 years of age with SBS (defined above) who had previously required home parenteral
nutrition for a minimum of three months but at the time of enrollment had discontinued PN and
achieved enteral autonomy. We opted to include pediatric controls with the insertion of a central
indwelling catheter to minimize any confounding effect of central venous access on inflammatory
markers. Therefore, the third cohort were control children, age- matched who had no underlying

gastrointestinal illnesses, recruited from a pediatric hematology clinic with a central indwelling
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catheter. The fourth cohort were control children, age-matched who had no underlying
gastrointestinal illnesses and no indwelling venous catheter. The fifth cohort included adult
controls. Ethics approval was obtained from the Hamilton Integrated Research Ethics Board and

consent was obtained from each participant including adult controls.

DATA COLLECTION :

We abstracted from previous medical records demographic data including: gestation age at birth,
current age, number of indwelling vascular catheter days, and surgical resection details. The
shortest measured length of small intestine was obtained from operative reports. These were
compared to previous published normal values'®. Blood samples were obtained following
enrollment for serum analysis and a stool sample was provided in sterile containers on ice for

analysis of fecal calprotectin for those in Group 1 and 2 as normal reference ranges are published.

Cytokine Multiplex ELISA assays

To determine pro- and anti-inflammatory cytokine profiles we quantified IFNy, IL-1p, IL-8, IL-
12 (p70), IL-17A, IL-10 and TNFa using the Human High Sensitivity T-Cell Discovery Array
14-Plex Discovery Assay through Eve Technologies Corp Calgary AB, Canada. The multiplex
assay was performed at Eve Technologies by using the Bio-Plex™ 200 system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA), and a Milliplex Human High Sensitivity T-Cell panel
(Millipore, St. Charles, MO, USA) according to their protocol''. The assay sensitivities of these
markers range from 0.11 — 3.25 pg/mL. Samples were analyzed in duplicate and mean values

were included in final analysis.
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Stool inflammatory markers:

To determine colonic inflammation, fecal calprotectin was quantified from a single stool sample.
Extractions were performed with Smart Prep Extraction device from Roche Diagnostics'.
Extracts were homogenized and centrifuged at 3000 xg for 5 minutes. Fecal calprotectin was
measured by ELISA with PhiCal Calprtoectin-EIA (Nova Century) kit according to their

protocol'?. The laboratory technologist was blinded to patient history and cohort.

Gene expression Analysis using Real-time quantitative PCR

To determine gene expression of transcription factors FoxP3+ and RORyT as well as TLR2, and TLR4, RNA
extraction and quantitative PCR was completed. RNA was extracted with Genezol RNA minikit and the RNA
concentration was determined using a Nanodrop Spectrophotometer. cDNA synthesis was performed with Maxima
reverse transcriptase using oligonucleotide primers and gene expression was measured with the GoTaq qPCR
Master Mix (promega, WI, USA) and StepOne Plos Real-Time PCR System (Life Technologies, CA, USA).
Primers can be found in Table 4. Annealing temperatures for FoxP3+, RORyT was 60 degrees Celsius while TLR 4

and TLR2 at 55 degrees Celsius. Relative expression values were calculated using ACT relative to the standard

housekeeping gene HPRT. Statistical analysis by non-parametric analysis was performed with Kruskall-

Wallis ANOVA.

Intestinal Permeability

To evaluate intestinal permeability, we quantified circulating bacterial products
lipopolysaccharide (LPS) and muramyl dipeptide (MDP) using a bioassay in which the binding
of their respective receptors, toll-like receptor (TLR)-4 and nucleotide oligomerization domain 2
(NOD?2) leading to the activation of Nuclear factor kappa-light-chain of B cells (NF-xB). Two

HEK293T cell lines were used, one transfected with the pNifty2-SEAP (Invivogen, CA, USA)
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reporter plasmid and expressing the NOD2 receptor, the other transfected with the pNifty2-
SEAP reporter plasmid and expressing TLR4, CD14 and MDP. Cells were seeded at 4x10°
cells/well in a 96 well plate in complete DMEM medium overnight. DMEM was removed prior
to the addition of heat inactivated serum (diluted 1:10) in HEK Blue Detection medium
(Invivogen, CA, USA). A standard curve of increasing concentrations of both MDP and LPS
(Invivogen, CA, USA) were used as a positive control. Absorbance was read at 630nm after 24

hours with a higher absorbance value indicating higher quantities of bacterial products.

Statistical Analysis

Statistical analysis was completed using GraphPad Prism (GraphPad software, San Diego, CA).
Statistical significance is accepted at p<0.05. Descriptive data is presented as medians with
interquartile range or mean with confidence interval. Demographic analysis between groups

assessed by Mann-Whitney or Kruskal Wallis tests.

RESULTS:

Demographics:

Twenty-two children were recruited in our study (Group 1 n=6; Group 2 n=6; Group 3 n=35,; Group
4 n=5) as well as 10 adult control samples were obtained. The median age of children in Group
1 was 67 months compared to 47.5 months in Group 2, 51 months in Group 3 and 55 months in
Group 4. At the onset of the study, the total days with an indwelling vascular catheter was 2023
(IQR 811, 2947) in Group 1 compared to 484 (IQR 274, 588) in Group 2 (p<0.05). At the time

of enrollment, all children in Group 1 and 3 had an indwelling vascular catheter while all catheters
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had been removed in Group 2. The shortest measured length of residual small bowel in Group 1
measured 26.5 cm (IQR 24.75, 40) compared to 55 cm in Group 2 (IQR 31.2, 89; p<0.01). The
children in our control groups on average had a higher z-score for both weight and height than the
children in groups 1 and 2. There was no statistical difference in weight or height z-score between
Group 1 and Group 2. The etiology of intestinal failure included necrotizing enterocolitis,
gastroschisis, and malrotation with mid-gut volvulus. In Group 1, three patients had a preserved
ileocecal valve and full colon compared to 4 in Group 2 (p=NS). Full demographics are presented

in Table 2.

Cytokine Multiplex ELISA assays

Serum analysis of pro-inflammatory cytokine TNFa was statistically significant by non-
parametric ANOVA testing between groups (p<0.005). Cytokine results can be found in Table 3
and Figure 1. Children with IF (Group 1) had concentrations of 12.7pg/mL (IQR 6.9, 16.6)
while adult controls had significantly lower concentration 6.2pg/mL (IQR 4.5, 8.1) (p<0.05).
However, within group analysis by Mann-Whitney testing did not identify a difference between
those with IF (Group 1) and Groups 2, 3 or 4. Other cytokines IFNy, IL-18, IL-8, IL-12 (p70),

IL-10 and IL-17A were not statically significant between groups (Table 3).

Stool inflammatory markers:

Fecal calprotectin levels were statistically lower in children with IF (median 12.8mg/kg; IQR
9.3, 34.9) compared to those with SBS who no longer required PN (median 96mg/kg, IQR 71.6,

188.2) p <0.01 (Figure 2). However, the median results remained in the normal range.
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Gene expression analysis using real-time quantitative PCR

Relative quantification of RNA expression of FoxP3+ and RORyT were similar between groups
(Figure 3 and 4). Median values of 2" (-ACT) of FoxP3+ was lowest in those with intestinal

Failure (Group 1) median 0.217 however no statistical differences were detected between groups.

Intestinal Permeability

Circulating bacterial products of LPS and MDP were not statistically different between groups
by analysis of binding of their receptors TLR 4 and NOD2. The majority of samples detected
absorbance at 630nM below zero. Only Group 5 adult controls had an average detectable LPS
(Figure 5 and 6). A similar pattern was seen in RNA expression of TLR 4 with 2" (-A CT)
values highest in adult controls (43.71) compared to 7.108 in children with IF (Group 1);

p<0.005 (Figure 7). No difference between relative quantification of TLR 2 was detected.

CONCLUSIONS:

A major cause of morbidity and mortality for children with SBS and IF is frequent blood stream
infections. Recurrent CLABSI can result in life threatening sepsis and loss of venous access which
remains an indication for intestinal transplantation'®. It has been hypothesized that the frequency
of infections may be due to increased intestinal permeability and bacterial translocation especially
given the frequency of enteric microbes cultured from central line catheters. We sought to
investigate for systemic activation of the inflammatory cascade in children with short bowel
syndrome and specifically examine any differences between those with IF and those who have

achieved enteral autonomy.  In addition, inflammation within the colon was assessed by fecal
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calprotectin as well as circulating bacterial products to further investigate for markers of intestinal

permeability.

The barrier between host and microbe in the gastrointestinal tract is tightly regulated by intestinal
epithelial cells, secretory IgA as well as the innate and adaptive mucosal immune system.
Regulation of the intestinal barrier requires tight junction proteins, epithelial cells and cell
processes which regulate secretion and absorption'*. Maintenance of the semi-permeable barrier
of the GI tract is critical. =~ LPS, translocated bacteria and pathogen associated molecular patterns
(PAMPs) can activate the mucosal inflammatory cascade. LPS specifically binds to TLR 4 found
on the basolateral surface of intestinal epithelial cells thereby signaling the inflammatory cascade
in the setting of translocation or epithelial cell damage '°. As children with SBS have had a
disruption in the intestinal epithelial barrier with early surgical resection as well as continued
insults including enteral deprivation and dysbiosis, they could be predisposed to longstanding

mucosal inflammation.

Animal models have investigated inflammation in SBS. Previous zebrafish models have identified
1346 upregulated genes following extensive intestinal resection'®.  These included those
associated with acute phase signaling as well as both innate and adaptive immunity including
expression of stat4, IL-6, IL6 Receptor, TNFa, IL-22, complement system and IL-1B16. Piglet
models following surgical resection have also identified elevated pro-inflammatory cytokines such
as IL-1p and TNF-o as well as iNOS and macrophage in colonic epithelium . In the piglet model,
significant changes occurred to microbial diversity as early as two weeks post-surgical resection

however no immune dysregulation was appreciated at the same time point. However, at six weeks,
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dysbiosis was maintained and the development of pro-inflammatory cytokine expression including
IL-1B and TNF-a was isolated in colonic specimens.'” Applying these results, this model suggests

a potential causative role that dysbiosis has on inflammation in the GI tract.

Previous research has also identified similar elevations in pro-inflammatory cytokines in children
under aged two with SBS on PN for three months where, at baseline, TNF-a was increased
compared to controls however subsequently decreased over time'®. Despite these results, our
study did not identify similar upregulation of inflammatory cytokines or decrease in anti-
inflammatory markers. Our contrasting results may be due to the age of the patient and timing
of surgical resection. Piglet and human studies of SBS with elevation in TNF-a were conducted
closer to initial surgical resection and, in human studies, improved over time. As the children in
this study are, on average, 5 years of age, the initial pro-inflammatory response may have

resolved.

Regulatory T cells (Tregs) are critical in regulation of the inflammatory cascade via suppression
of T cell proliferation'’. FoxP3+ is a transcription factor required to regulate T helper cells to
differentiate to Tregs'’. Treg cells further regulate immune tolerance via secretion of IL-10". In
contrast RORYyT transcription factor is regulated by IL-6 and differentiates T helper cells to Th
17 cells with subsequent secretion of pro-inflammatory IL-17, IL-6 and IL-23". Neither

transcription factor appeared to be upregulated in children with SBS compared to control.

While our study did not appreciate any significant differences in inflammatory or anti-

inflammatory cytokines, transcription factors, RNA gene expression or circulating bacterial

83



M.S.c Thesis — J. Dowhaniuk, McMaster University - Medical Sciences

products, the venous samples may not represent mucosal inflammation at the level of intestinal
epithelial cells. Tissue biopsies were not feasible in this study, however, may be of use in future
studies to examine for inflammation. Despite frequent septic events, we did not detect elevation
in circulating bacterial products to indicate an altered intestinal barrier or intestinal permeability.
LPS has been assessed in children with SBS previously and similarly not detected differences
between healthy controls'®. However, other methods of intestinal permeability have not been
assessed in this study such as anti-flagellin and anti-LPS antibody concentration or lactulose-
mannitol testing. Lactulose-mannitol testing was not feasible in this study design. Other studies

have detected abnormal permeability studies by these methods > '®.

Given the lack of a single
validated test for intestinal permeability it is difficult to apply these results and further studies

should be dedicated to further investigate intestinal permeability in children with SBS.

In contrast to a previous study of children under aged 2 with IF, our study did not detect
elevation in fecal calprotectin'®. Calprotectin is a protein complex expressed by activated
macrophages and monocytes and within neutrophil cytosol '*. Activated neutrophils, which
migrate to the gastrointestinal epithelium in times of disease, release calprotectin into feces'*.

In our study, children with IF had a statically lower amount of calprotectin in their stools
samples compared to children with SBS who had achieved enteral autonomy. The children with
SBS did not present with elevation in fecal calprotectin and all values remained in the normal
range. Therefore, these results indicate that at the time of sampling there was no activation of

macrophages, monocytes and neutrophils in the mucosa of the intestine to indicate ongoing

intestinal inflammation.
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Despite frequent bloodstream infections and risk factors for a disruption in the delicate balance
of the gastrointestinal mucosal barrier, this prospective study of children with SBS did not
identify ongoing intestinal inflammation by measurement of fecal calprotectin or concentration
of inflammatory cytokines or gene expression analysis using qPCR. There also was no elevation
in circulating bacterial products which may have indicated increased intestinal permeability.
Further research should investigate intestinal permeability in states of health and sepsis as well as
the adaptive and innate immune system of a child with SBS to investigate if any acquired

differences may account for the frequency of infections.
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Table 1. Study Cohorts

Group Inclusion Criteria Age- matched to Indwelling vascular catheter
Group
1 Short Bowel Syndrome NA Yes; requiring minimum of twice weekly

PN for three months
Intestinal Failure

2 Short Bowel Syndrome NA No

Achieved enteral autonomy and
discontinued previous PN

3 Pediatric controls 1 Yes
Hematology clinic

No gastrointestinal illnesses

4 Pediatric controls 2 No
Hematology clinic

No gastrointestinal illnesses

5 Adult controls NA No

Abbreviations: PN, parenteral nutrition
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Table 2. Demographic characteristics

Variable: statistics SBS-IF SBS Controls Control p
Group 1 Group 2 Group3 Group4 value
Age, months, median (IQR) 67 47.5 51 55 (46.5, NS
(30.75, (34.75, (42,91) 110)
89.5) 101.3)
Gender, n (%)
Male 5 3 5 5 NS
(83.3%) (50%) (100%) (100%)
Number of indwelling vascular catheter days, median 2023 (811, 484 N/A N/A 0.041
(I0R) 2947) (274, 588)

Etiology of intestinal Failure, n (%)
Necrotizing enterocolitis 2 (33.3%) 3 (50.0%) N/A N/A NS
Gastroschisis 3 (50.0%) 1 (16.7%)
Malrotation with mid-gut volvulus 1 (16.7%) 1 (16.7%)
Isolated jejunal atresias 0 1 (16.7%)

Gestational age, weeks, median (IQR) 33.9 33.9 N/A N/A NS
(25.8,37)  (31.2,38.6)

Age at initial intestinal resection, days median (IQR) 27.5 10.5 N/A N/A NS
(1.8,63.3)  (1.75,32)

Shortest measured length of small intestine, cm 26.5 55 N/A N/A <0.01

Median (IQR) (24.8,40) (31.2,89)

Predicted bowel length at shortest measure, mean (SD)  18.35% 35.3% 100% 100% <0.01

(13.8,27.5) (18.2,52.7)

Preserved ileocecal valve, n (%) 3 (50%) 4 (66.7%) 5(100%) 5(100%) NS

Colon Anatomy, n (%)
Full colon intact 3 (50.0%)  4-(66.7%) 5(100%) 5(100%) NS
Partial or hemi-colon 3 (50.0%) 1 (16.7%)

Sub-total colectomy 0 1(16.7)

Weight z-score at initial Visit, median (IQR) -0.895 -0.92 0.12 1.12 0.005
(-0.98, (-1.79,-0.62) (-0.6,0.9) (0.6,1.4)
-0.35)
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Height z-score at initial visit, median (/QR) -0.315 -1.575 0.04 1.1 0.05
(-1.33, (-2.64, (-0.7, (-0.1,
0.16) -0.16) 0.95) 2.1)

Abbreviations: SD, Standard Deviation; IQR, Interquartile range at 25% and 75%
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TABLE 3. Cytokine analysis observed concentration

Group1l Group2 Group3 Group4  Adult P-value
Controls

IFN-y, pg/mL, median (IQR)  13.4(11.2, 19.6(16.9, 19.4 (15.7, 20.1(18.0, 18.4(14.7, NS
159.2) 23.2) 21.3) 24.7) 30.2)

IL-IB, pg/mL, median (IQR) 1.1 (0.6,  2.1(1.4, 2.7(1.7, 4.0 (1.6, 24(1.2, NS
2.5) 3.5) 3.7) 6.6) 5.8)

IL- 8, pg/mL, median (IQR)  15.2(8.3, 10.8(6.7, 8.6 (6.5, 104 (5.7, 7.82(50, NS
35.6) 20.0) 15.8) 13.5) 10.3)

IL-10, pg/mL, median IOR) 9.7 (2.8,  10.2(7.2, 9.9 (8.7, 7.8 (5.8, 75(5.6, NS
20.1) 18.2) 13.1) 11.4) 10.7)

IL — 17A, pg/mL, median 18.6 (12.5, 30.0 (26.7, 283 (229, 253(209, 243(19.7, NS

(IOR) 379.7) 39.4) 33.5) 34.0) 32.5)

TNF-a, pg/mL, median (IQR) 12.7(6.9, 16.5(13.3, 13.1 (6.9, 11.3 (9.7, 6.2 (4.5, 0.0047
16.6) 20.8) 18.3) 19.8) 8.1)

Abbreviations: SD, Standard Deviation; IQR, Interquartile range at 25% and 75%; IL, interleukin; TNF, tumour

necrosis factor; IFN, interferon
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Table 4. Primers used for qPCR of specific genes

Gene Forward Primer Reverse Primer Gene ID PMID

TLR2 GGCCAGCAAATTACCTGTGTG AGGCGGACATCCTGAACCT NM 003264 12829592

TLR4 CTGCAATGGATCAAGGACCA TTATCTGAAGGTGTTGCACATTCC XM 057452 12829592

74bp
RORYT GCA GCG CTC CAA CAT CTT ACG TAC TGA ATG GCC TCG GT 25552913
CT Amplicon:
111bp
FoxP3+ CAC CTG GCT GGG AAA ATG GGA GCC CTT GTC GGA TGA 25552913
G Amplicon:
63bp

Abbreviations: SD, Standard Deviation; IQR, Interquartile range at 25% and 75%; IL, interleukin; TNF, tumour
necrosis factor; IFN, interferon; qPCR, quantitative real-time polymerase chain reaction
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Figure 1. ELISA quantification of cytokine tumour necrosis factor alpha between children in
Group 1 with intestinal failure and short bowel syndrome, those in Group 2 with short bowel
syndrome, and pediatric aged- matched control groups 3, 4, and adult controls. Abbreviations:
TNF, tumour necrosis factor; IF, intestinal failure; SBS, short bowel syndrome
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Figure 2. Fecal calprotectin quantity by ELISA to determine intestinal inflammation between
children in Group 1 with intestinal failure and short bowel syndrome, and those in Group 2 with
short bowel syndrome who have achieved enteral autonomy. Abbreviations: IF, intestinal
failure; SBS, short bowel syndrome
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Figure 3. FoxP3+ transcription factor relative quantification by quantitative real-time
polymerase chain reaction between children in Group 1 with intestinal failure and short bowel
syndrome, those in Group 2 with short bowel syndrome, and pediatric aged- matched control
groups 3, 4, and adult controls. Abbreviations: CT, cycle threshold; IF, intestinal failure; SBS,
short bowel syndrome
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Figure 4. RORyT transcription factor relative quantification by quantitative real-time
polymerase chain reaction between children in Group 1 with intestinal failure and short bowel
syndrome, those in Group 2 with short bowel syndrome, and pediatric aged- matched control
groups 3, 4, and adult controls. Abbreviations: CT, cycle threshold; IF, intestinal failure; SBS,
short bowel syndrome
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Figure 5. Circulating bacterial product, lipopolysaccharide, as measured with a bioassay in
which binding of toll-like receptor 4 leads to the activation of NF-kB with absorbance read at
630nm. Comparison between children in Group 1 with intestinal failure and short bowel
syndrome, those in Group 2 with short bowel syndrome, and pediatric aged- matched control
groups 3, 4, and adult controls
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Figure 6. Circulating bacterial product, muramyl dipeptide (MDP), as measured with a bioassay
in which binding of nucleotide-binding oligomerization domain-containing protein 2 (NOD2)
leads to the activation of NF-kB with absorbance read at 630nm. Comparison between children
in Group 1 with intestinal failure and short bowel syndrome, those in Group 2 with short bowel
syndrome, and pediatric aged- matched control groups 3, 4, and adult controls
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Figure 7. Toll-like receptor 4 relative quantification by quantitative real-time polymerase chain
reaction between children in Group 1 with intestinal failure and short bowel syndrome, those in
Group 2 with short bowel syndrome, and pediatric aged- matched control groups 3, 4, and adult
controls. Abbreviations: CT, cycle threshold; IF, intestinal failure; SBS, short bowel syndrome
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4.0 CONCLUSION:

This health translational study explored host-microbe interactions within the gastrointestinal tract
of children with SBS. We sought to explore microbiome diversity and abundance patterns as
well as total bacterial load analyzed by qPCR. Through quantification of the bacterial
fermentation product short chain fatty acids by mass spectrometry, we investigated a link
between the microbial community to the mucosal immunity. Furthermore, we characterized any
systemic inflammation with ELISA assay of cytokine concentrations, gene expression analysis
by real-time qPCR as well as intestinal mucosal inflammation with fecal calprotectin. These
results were applied to clinical epidemiologic data of bloodstream infection history and

presenting leukocyte response at the time of infection.

4.1 PATIENT POPULATION:

Our cohort included twelve children with short bowel syndrome; six with IF with a median age of
67 months, and six with SBS no longer requiring PN with a median age of 47.5 months (p=NS).
The IF group represented children with well-established disease with a median number of
indwelling venous catheter days of 2023 per patient (IQR 811, 2947 days). Studies early in
infancy may not reflect sustained differences between groups, therefore this older cohort improves
the reliability of our results. The etiology of SBS was representative of this disease with 41.7%
with necrotizing enterocolitis, 33% with gastroschisis and 16% with malrotation and volvulus.
Both SBS study groups included children with IC valve resection and hemi-colectomy which
should control for this variable (50% vs 66%, p=NS). Small intestine lengths in those with IF were

a median length of 26.5cm (IQR 24.8, 40) at surgical resection compared to 55cm (IQR 31.2, 89)
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in those who discontinued PN (p<0.01). This is to be expected as children with shorter lengths of

remnant intestine require prolonged PN.

4.2 MICROBIOME

A healthy microbial community, dominated by the Firmicutes and Bacteroidetes phyla, provide
colonization-resistance of enteric pathogens (Hughes et al., 2017). Disruption of this process can
allow the Proteobacteria phylum and specific bacteria species to dominate (Hughes et al., 2017).
The Proteobacteria abundance identified in this study has been described in other disease states
of inflammation including inflammatory bowel disease and HIV enteropathy as well as in the
setting of short term insults such as dietary changes, antibiotics and medications (Hughes et al.,
2017; Stecher, 2015). Children with IF experience recurrent antibiotic exposure, enteral
deprivation and surgical procedures which have been described to influence a Proteobacteria
bloom (Stecher, 2015). An explanation for this shift in major phyla may be explained by a
disruption in processes which maintain colonization-resistance. Mouse models have suggested
increased availability of oxygen at the intestinal epithelium influence formate deyhydrogenase and
promote facultative anaerobic pathogen expansion (Hughes et al., 2017). In contrast, colonocytes
will use butyrate for beta-oxidation to deplete mucosal oxygen and promote anaerobic micro-
environments which can contribute to colonization-resistance (Hughes et al., 2017). The
microbiome our cohort with IF was characterized by a massive overgrowth of Escherichia and
presumed E. coli abundance which indicates a significant loss of colonization-resistance. As our
studies were descriptive, cause and effect could not be established from this research. However,
we hypothesize, that the observed reduction in butyrate in this patient population could contribute

to alterations in oxygen respiration and loss of colonization-resistance.
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While 83% of our cohort with IF was on an antibiotic during our study period, the direct
implications of this on the microbial community is only correlational. In previous research of
immunodeficient mice who were treated with antibiotics, even blooming of non-pathogen E. coli
strains could trigger inflammation and lead to E. coli-induced sepsis (Ayres, Trinidad, & Vance,
2012). The Escherichia abundance in our patient fecal samples could also predispose to bacterial
translocation and possibly infectious outcomes. While most bloodstream isolates cultured in this
cohort could be considered enteric, E. coli remained the sixth most common isolate despite its
abundance within the fecal microbiota. This indicates that expansion of pathogenic or non-
pathogenic facultative anaerobic microbiota alone, does not solely influence bacterial

translocation.

4.3 MUCOSAL IMMUNITY

As gastrointestinal microbiota prime and regulate mucosal immunity, the significant dysbiosis in
this patient population could contribute to an altered immune defense. With a bloodstream
infection frequency of 5.84 per 1000 catheter days and a frequent occurrence of candidemia in our
cohort, we question both the intestinal permeability of children with SBS and the typical immune
response to antigen exposure. Our studies did not detect a difference in circulating bacterial
products LPS and MDP as a measure of intestinal permeability however other studies have through

the application of alternative experiments (Cole et al., 2010; D'Antiga et al., 1999).

This research has identified a significant reduction in butyric acid concentration as well as the

abundance of Ruminococcaceae and Lachnospiraceae known to produce short chain fatty acids.
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A reduction in butyric acid concentration can influence bacterial translocation through paracellular
permeability and enhancement of the intestinal epithelial barrier (Kinoshita et al., 2002; Kles &
Chang, 2006). Furthermore, this reduction of butyric acid and the commensal obligate anaerobes
belonging to Clostridia clusters IV and XIV, can influence colonic T-regulatory cells and inhibition
of NF-«B (Lopetuso, Scaldaferri, Petito, & Gasbarrini, 2013). Despite this, in this cohort,
measures of systemic venous sampling, Foxp3+ transcription factor gene expression and IL-10

concentration was unchanged between groups.

Pro-inflammatory bacteria in the gastrointestinal tract could promote inflammation of the mucosa.
However, pro-inflammatory cytokine concentrations in children with SBS in our studies were
unchanged between groups despite other reports of elevation in both human and animal studies
(Cole et al., 2010; Lapthorne et al., 2013; Schall et al., 2017). Furthermore, fecal calprotectin
remained normal in children with SBS minimizing the likelihood of chronic intestinal

inflammation.

4.4 FUTURE DIRECTIONS

This body of research promotes further study of the mucosal immunity and the microbiome of
children with SBS. With animal models, a cause-and-effect model for microbiota shifts in SBS
can be studied and to allow for further assessment of inflammatory markers within tissue sampling.
Tissue samples would allow for local quantification of cytokine concentration within the mucosa
compared to systemic venous samples. This research also highlights the impact that enteral
deprivation and antibiotic use may have in the microbe-host interactions. While only speculative

for our patients, the high frequency of antibiotic use in IF may influence some of the shift to
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facultative aneorobic organisms as seen in other studies (Hughes et al., 2017). This would
highlight the need for clinicians to carefully select those who may require long term cycled
antibiotics to minimize potential harm. Larger multi-centered prospective studies of dysbiosis in
children with SBS should be completed longitudinally, starting from initial surgical resection, to

investigate such factors and the impact they have on the microbiome in this population.

While there was no statistical difference in inflammatory cytokine quantity, our retrospective
epidemiologic review of BSI identified leukocyte and neutrophil response at the onset of BSI was
in the normal range with no significant leukocytosis or leukopenia. Additional evaluation of the
immune response should be assessed at the time of sepsis to investigate if cell-signaling differences
occur in the setting of bloodstream infection. Furthermore, alternative measures of intestinal

permeability should be investigated during fevers and BSI.

Canadida is known to colonize the gastrointestinal tract however the frequency of candidemia in
patients with SBS is surprising. Specific research into gastrointestinal colonization and immune
defense to candidemia should be further investigated to understand the frequency of such
infections. These results should also be considered in guidelines in the management of presumed
sepsis in SBS to prompt early broad spectrum antibiotic coverage and the consideration of

prophylactic anti-fungals.

Re-establishment of colonization-resistance, improvement in microbial diversity and promotion of

butyrate-producing commensals should be a further goal for research and clinical focus. Probiotic

use, fecal transplantation and short chain fatty acid enemas all offer potential therapeutic options
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for improved microbial diversity. Clinical outcomes including diarrhea, bloating and transit time
could be evaluated with these therapies as well as intestinal permeability and bacterial
translocation. In summary, our research has added to a developing clinical field of microbe-host
interactions in a rare pediatric disease with significant morbidity and mortality. We hope our
descriptive microbiota data and SCFA analysis results will promote further research into

therapeutic options for children with IF.
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