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Abstract

Background

Sepsis is a severe pathological condition associated with systemic inflammation, intestinal
inflammation and gastrointestinal barrier dysfunction. Intestinal alkaline phosphatase (IAP) has been
demonstrated to detoxify lipopolysaccharide, an important mediator in the pathophysiology of sepsis.
We investigated the effect of treatment with IAP on intestinal permeability, intestinal inflammation,

and bacterial translocation.

Methods

OF-1 mice were divided into 4 groups (n=12/group), undergoing either a sham or cecal ligation and
puncture (CLP) procedure to induce sepsis. Mice received IAP or a vehicle intraperitoneally 5 min prior
to the onset of the CLP or sham procedure, which was repeated every 12 hours for 2 consecutive days.
After two days, in vivo intestinal permeability, intestinal inflammation, and bacterial translocation

were determined.

Key Results

CLP-induced sepsis resulted in significantly more weight loss, worse clinical disease scores, bacterial
translocation, and elevated inflammatory cytokines. Intestinal permeability was increased up to 5-
fold (p<0.001). IAP-activity was significantly increased in septic animals. Treatment with IAP had no
effect on clinical outcomes but reduced the increased permeability of the small intestine by 50%
(p=0.005). This reduction in permeability was accompanied by a modified gene expression of
claudin-1 (p=0.025), claudin-14 (p=0.035), and interleukin 12 (p=0.015). A discriminant analysis
showed that treatment with IAP is linked to modified mRNA levels of several tight junction proteins

and cytokines.

Conclusions and Inferences
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Treatment with IAP diminished CLP-induced intestinal barrier disruption, associated with modified
expression of several cytokines and claudins. Nevertheless, this effect did not translate into better

clinical outcomes in our experimental setup.

Keywords: Sepsis, Intestinal Alkaline Phosphatase, Intestinal Permeability, Bacterial Translocation,

Tight Junction Proteins

Key Points:

e Sepsis damages the intestinal barrier and causes intestinal inflammation. Since intestinal
alkaline phosphatase (IAP) detoxifies bacteria-derived endotoxins, this study assessed its role
in a mouse model for sepsis.

e |AP reduced intestinal barrier impairment, which was mediated by altered expression of
several tight junction proteins and cytokines. Nevertheless, clinical outcomes or inflammation
were not influenced.

o |AP is a potential target for barrier protection and could have clinical importance in disorders

characterized by disturbed intestinal permeability, including sepsis.

Abbreviations

CLP — Cecal Ligation and Puncture
IAP — Intestinal Alkaline Phosphatase
LPS — Lipopolysaccharide

CRP — C-reactive protein

FITC — Fluorescein Isothiocyanate
IL — Interleukin

Z0 - Zonula Occludens Protein

TNAP — Tissue-nonspecific alkaline phosphatase



Placke 4

Introduction

Sepsis is a pathological condition caused by a dysregulated inflammatory response, usually as a
reaction to an infectious agent. This inflammatory response is progressive, partially self-maintained
by the immune system and can rapidly switch between a pro-inflammatory and an
immunosuppressive statel. Sepsis is associated with high morbidity and mortality with, apart from

antibiotics, limited therapeutic options currently available?.

The gastrointestinal tract has been hypothesized to play an important role in the pathophysiology of
sepsis. During sepsis, systemic inflammation can cause gastrointestinal inflammation via the influx of
proinflammatory mediators, activation of inflammatory cascades, hypoperfusion and ischemia-
reperfusion injury®. Besides, intestinal barrier dysfunction, characterized by tight junction disruption,
epithelial cell death, and loss of the mucus layer, occurs during sepsis. This phenomenon clears the
way for enteropathogens and proinflammatory molecules like lipopolysaccharide (LPS) released from
certain gram-negative bacteria to permeate through the intestinal barrier into the bloodstream, thus

amplifying the already ongoing systemic inflammation.

Recent data suggest a role for intestinal alkaline phosphatase (IAP), a brush border-bound alkaline
phosphatase subtype solely expressed by enterocytes, in sepsis®. Although IAP is ubiquitously
expressed in the gastrointestinal tract, its distribution is variable with the highest expression levels in
the duodenum and IAP expression levels decreasing over the length of the intestine. Among many
other functions, IAP has been documented to be involved in the regulation of duodenal bicarbonate
secretion>® and in lipid absorption by the intestinal epithelium’*. However, the role of IAP seems to
encompass more than just these physiological functions, and IAP has been shown to be of importance
in the response to different pathological conditions as well. Through its dephosphorylating activity,
IAP is able to detoxify LPS derived from gram-negative bacteria by degrading LPS into the less
biologically active monophosphoryl-LPS. It hereby loses its potency to activate the Toll-like receptor 4

driven proinflammatory pathway!>?2!. Moreover, recent studies have linked IAP to the maintenance
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of the healthy microbiome, induction of mucosal tolerance and even expression of tight junction
proteins'” 2225 Several in vivo animal studies confirmed the potential of IAP to detoxify LPS, improving
survival rates and reducing the systemic release of several proinflammatory cytokines in several

models of sepsis or inflammation®”- 202632,

In humans, the effect of IAP on acute kidney injury during sepsis has been investigated in three phase

3335 In the first two trials, treatment with IAP improved renal parameters, and

Il clinical trials
decreased serum CRP and interleukin (IL)-6 levels, but had no effect on mortality. In a more recent

large multicenter trial, the improvement of short-term kidney function could not be confirmed®.

Given the important role of the gastrointestinal tract in the pathophysiology of sepsis and the
promising effects of IAP treatment on acute kidney injury during sepsis, we here studied the effect of
a combined preventive and curative treatment with IAP on intestinal permeability, bacterial

translocation, and inflammation in a validated experimental animal model for sepsis.

Materials and methods

Animals

Eight week old male OF1 mice (Oncins France 1, outbred mice, average weight 40.0 +5g, Charles River
Laboratories, Ecully, France) were housed in a controlled environment in the animal facility of the
University of Antwerp. Mice were kept at standardized conditions, with a temperature of 21 °C, 40-
60% humidity, a 12h light-dark cycle, and with ad libitum access to water and regular chow throughout
the experiment. After arrival in the animal facility, mice were allowed to acclimatize for 7-10 days
before the onset of the experiments. All experiments received approval from the ethical committee
of the University of Antwerp (File number ECD2016-68). Weight loss above 15% was considered as a

humane endpoint for this experiment.
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Cecal Ligation and Puncture (CLP) Procedure

The cecal ligation and puncture technique (CLP) is considered the gold standard for inducing a
polymicrobial, intra-abdominal sepsis, and has already been fully characterized immunologically at our
lab®®. Briefly, mice were anesthetized with a mixture of ketamine (60 mg kg?, Pfizer, New York City,
NY, USA) and xylazine (10 mg kg, Bayer, Leverkusen, Germany). Following a midline laparotomy, the
cecum was identified and ligated with a silk 5-0 thread at 50% of its length. Subsequently, the ligated
cecum was punctured once through-and-through with a 21G sterile needle to bring the cecal
endolumen in continuity with the abdominal cavity. Afterwards, the abdomen was closed in two layers
with a 5-0 nonabsorbable nylon suture (Ethilon, Ethicon, Somerville, NJ, USA) and mice were allowed
to recover while their temperature was kept constant. Sham-operated mice underwent a similar
protocol, however, in these mice the cecum was solely manipulated, but not ligated nor punctured

after performing the laparotomy.

Treatment and experimental protocol

Mice were randomized into 4 different treatment groups (n=12/group): group 1, sham procedure and
vehicle treatment; group 2, sham procedure and IAP treatment; group 3, CLP procedure and vehicle
treatment; group 4, CLP procedure and IAP treatment. All mice underwent a three-day experimental
protocol (Figure 1). On the first day mice underwent either the sham or CLP procedure. Calf IAP
(10,000 IU mlt, New England Biolabs, Ipswich, MA, USA) was intraperitoneally administered twice a
day at a dose of 1 IU g mouse. The first dose was given 5 min. prior to the surgical procedure, and
subsequent doses were administered every 12h (Figure 1). The vehicle (saline 0.9%) was administered
at similar intervals and at an equal volume (10 pl g! mouse). The dose of 1 IU g mouse was
determined based on preliminary experiments and previous literature data, with this dose of 1 IU g
having the most significant influence on permeability?’. IAP activity of the stock and treatment
solution was confirmed with a pNPP assay (SensolLyte Phosphatase Activity Assay Kit, Anaspec Inc.,

Fremont, CA, USA).
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During the whole experiment, mice were clinically monitored with a validated clinical disease score as
published by Nullens et al., and weight loss occurring after the induction of sepsis was registered
daily®’. Body temperature was measured using an infrared thermometer (Braun No Touch NTF3000,
Braun, Kronberg, Germany), as described by Mei et al.®®. Core abdominal temperatures were
measured 48 hours after the sham or CLP procedure in the space between the liver and diaphragm.
Buprenorphine (0.05 mg kg?, Merck Sharp & Dohme, Kenilworth, NJ, USA) and a glucose solution, at
a combined volume of 1 ml, were administered subcutaneously twice a day for analgesia and fluid

resuscitation, as recently recommended to do in animal sepsis models®.

An additional experiment was conducted to determine the influence of the CLP-model and of the
treatment with IAP on food intake, water intake, urine output, and stool production. In this
experiment, 20 male OF1 mice (n=5/group), were housed in metabolic cages, otherwise undergoing

an identical experimental protocol as described above.

Measurements of intestinal permeability

On the third day of the experiment (meaning 48h following the procedure), intestinal permeability,
bacterial translocation, and the effects on gene expression of cytokines and tight junctions were
determined. Intestinal permeability was assessed in vivo two days after the sham/CLP procedure by
measuring the dissemination of a 4 kDa Fluorescein Isothiocyanate Dextran (FITC-Dextran) from the
intestinal lumen into the blood. In short, mice were anesthetized with a ketamine (90mg kg!) and
xylazine (10mg kg?) solution and placed in a supine position. After opening the abdomen, the ileum
was ligated with a silk 5-0 thread proximally of the ileocecal junction to isolate the small intestine. One
hundred microliter of a 40 mg ml? FITC-Dextran solution (Sigma-Aldrich, Saint Louis, MO, USA) was
injected directly into the ligated ileum, just proximal of the ligation. Subsequently, the abdomen was
closed and mice were kept anesthetized while monitoring the body temperature. One hour later, the
abdomen was reopened and blood was drawn by means of a terminal cardiac puncture. Blood was

centrifuged (5min, 10,000g) and the FITC-Dextran concentration was measured with a fluorescence
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spectrophotometer (Excitation 485 nm; Emission 518 nm). Fluorescence levels were subsequently

transformed into serum concentrations using a linear standard curve.

Gene expression of tight junction proteins was measured with reverse-transcriptase polymerase chain
reaction (RT-PCR) on samples of the terminal ileum. For this, the most distal part of the terminal ileum,
adjacent to the caecum, was collected, transferred to RNAlater (Sigma Aldrich, Saint-Louis, MO, USA),
and stored in -80 °C until analysis. Total RNA was extracted using the Isolate Il RNA Mini Kit (Bioline —
Meridian Life Sciences, Memphis, TN, USA). The concentration and quality of the RNA were evaluated
using the NanoDrop® ND-1000 UV-Vis Spectrophotometer (ThermoFisher Scientific, Waltham, MA,
USA). Subsequently, RNA was converted to cDNA by reverse transcription using the SensiFast™ cDNA
synthesis kit (Bioline — Meridian Life Sciences, Memphis, TN, USA). Relative gene expression was then
determined by SYBR Green RT-qPCR using the SensiFAST™ SYBR Hi-ROX Kit (Bioline — Meridian Life
Sciences, Memphis, TN, USA) on a 7300 real-time PCR system (Applied Biosystems, Foster City, CA,
USA). Altered gene expression of the following tight junction proteins was measured in the terminal
ileum: claudin-1, -2, -3, -4, -5, -7, -14, -18, occludin, and zonula occludens (ZO) protein 1 and 3. Primer
sequences are shown in Supplementary Table 1. RT-qPCR reactions were performed in duplicate and
involved an initial DNA polymerase activation step for 2 min at 95°C, followed by 40 cycles of
denaturation at 95°C for 15 sec and annealing/extension for 1 min at 60°C. Analysis and quality control
were performed using Qbase plus software (version 3.0, Biogazelle, Gent, Belgium)*. Relative
expression of the target genes was normalized to the expression of the housekeeping genes Gapdh,
18s rRNA and Hprt1, and expressed as CNRQ (calibrated normalized relative quantities) values for each

sample.

Histology on terminal ileum samples was performed on specimens collected during the euthanasia
and fixed in Richard-Allan Scientific™ Neg-50™ Frozen Section Medium (ThermoFisher Scientific,
Waltham, MA, USA). Immunohistochemical staining for claudin-1 was performed using the anti-

claudin-1 antibody (ab15098; Abcam, Cambridge, United Kingdom) and Alexa Fluor 546 donkey anti-
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rabbit 1gG as secondary antibody (ThermoFisher Scientific, Waltham, MA, USA). Nuclei were stained
with DAPI (not visualized on the image). Images were taken with a Leica TCS SP8 confocal laser
scanning microscope (Leica-microsystems, Wetzlar, Germany) using a White Light Laser at 20x

magnification.

Measurements of inflammation and bacterial translocation

Intestinal inflammation at the protein level was determined using cytometric bead array. Terminal
ileum samples were collected, stored on ice, and mechanically homogenized in a Tris-HCL (1M) EDTA
(0.5M) buffer with 0.5% Tween-20 and protease inhibitor (cOmplete protease inhibitor, Roche, Basel,
Switzerland). Samples were centrifuged at 16.000 g for 10 minutes and the supernatants were stored
at -80°C until analysis. The cytometric bead array was performed in accordance with the
manufacturer’s instructions. In short, supernatant of mechanically homogenized ileal tissue was
suspended with antibody-coated fluorescent beads (BD Biosciences, Franklin Lakes, NJ, USA) and
fluorescence was measured using flow cytometry (Accuri, BD Biosciences, Franklin Lakes, NJ, USA) to
simultaneously determine levels of different cytokines. Cytokines measured at the protein level were
Interleukin (IL)-1R, -6, -10, -12, and Tumor Necrosis Factor Alpha (TNFa). Quantification of changes in
gene expression of II-1f3, 1I-6, 1I-8, 1I-10, 1I-12a, 1I-18, and Tnf was performed with RT-PCR as described
above.

Bacterial translocation was determined by culturing homogenized mesenteric lymph nodes,
homogenized liver tissue, blood, and abdominal lavage fluid. In short, abdominal lavage fluid was
collected after rinsing the abdomen with 2 ml of isotonic saline, allowing the saline to remain within
the peritoneal cavity for at least 30 seconds. Blood was taken centrally through a terminal cardiac
puncture while keeping the diaphragm intact to prevent contamination of the peritoneal cavity.
Mesenteric lymph nodes were aseptically taken out of the mesentery adjacent to the ascending colon
and near the ileocecal valve, hence collecting the first station of lymph draining from the ligated

caecum. Lymph nodes were collected without opening any abscess, bowel or causing an
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intraperitoneal bleeding. Mesenteric fat was carefully removed from the lymph nodes. Liver tissue
was aseptically collected from both the left and right liver lobe. Both the mesenteric lymph nodes and
the liver tissue were transferred to 5 ml of cooled phosphate-buffered saline as transport medium,
and subsequently mechanically homogenized through a 40 um nylon cell strainer using a 10 ml syringe
plunger. Afterwards, all samples were plated onto blood agar and incubated at 37 °C and 5 % CO..
After 24 hours cultures were examined for direct growth and the first identification with matrix-
assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF) was performed if
colonies were already present at that time. Afterwards, culture enrichment was added and cultures
were followed up to another 48 hours before final identification of cultured strains with MALDI-TOF.
Bacterial translocation was considered to have occurred in case enteropathogens were demonstrated

with MALDI-TOF*.

IAP activity and IAP-gene expression

In mice, IAP activity is mainly expressed by two genes, Akp3 and Alpi, the latter also known as Akp6.
While both genes encode functioning IAP, spatial expression of both genes in the gastrointestinal tract
is quite different: Akp3 expression is mainly restricted to the duodenum, while Alpi is found in the
whole intestine*” *3, The effect of sepsis and IAP treatment on IAP gene expression at the terminal
ileum was determined with RT-PCR as described above. Expression of Alp/, the gene encoding for
tissue-nonspecific alkaline phosphatase (TNAP), was determined to measure the synthesis of TNAP in
the terminal ileum.

Activity of IAP was spectrophotometrically determined in supernatants of homogenized terminal
ileum samples, using a commercially available pNPP reaction-based assay kit according to the
manufacturer’s instructions (SensolLyte Phosphatase Activity Assay Kit, Anaspec Inc., Fremont, CA,
USA). End-point activity was determined 30 min. after incubation with pNPP at 405nm. To discriminate

IAP from tissue-nonspecific alkaline phosphatase (TNAP), the same pNPP assay was repeated, but 50
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mMol of L-Phenylalanine was added to the assay**. Because L-phenylalanine is an inhibitor of IAP,

addition of this amino acid allows a measurement of all non-IAP related alkaline phosphatase activity.

Statistical analysis

Weight loss is expressed as the percentage of weight lost compared to the body weight at baseline.
Results of the FITC-Dextran permeability assay and changes in gene expression are presented as the
relative difference and standard error of the mean (SEM) with the vehicle-treated sham group acting
as the reference group. Culture results are presented as the number and percentage of cultures testing
positive for enteropathogens and this for every treatment group. Data were statistically analyzed with
a two way ANOVA with LSD post-hoc testing or Student’s t-test when appropriate. Levene’s test was
used to assess the equality of variances when required. Weight loss data were analyzed with a linear
repeated measures regression. Point-biserial correlation (rp) analysis and the Chi-Square test were
used to analyze bacterial translocation. To multivariately determine whether treatment groups could
be discriminated based on subsets of cytokines or tight junction proteins, a discriminant analysis was
performed. The results of these discriminant analyses are displayed as the most influential variables
in the different discriminant functions. This data is supplemented by the strongest pooled within-
group correlations between the studied discriminating cytokines/tight junction proteins and the
canonical discriminant functions. A p-value of 0.05 was considered statistically significant. Statistical
analysis was performed with SPSS (IBM, Chicago, IL, version 23.0) and results were graphically

visualized with Graphpad Prism software (Graphpad Software v7, La Jolla, CA, USA).

Results

Effects of sepsis and IAP on clinical outcomes
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At baseline, no significant differences in body weight were observed between the different treatment
arms and all mice scored zero on the clinical disease score. CLP or sham surgery resulted in an initial
weight loss in all mice who underwent these procedures (Figure 2). Yet, while this weight loss flattened
out or even weight regain occurred in the sham-operated mice, progressive weight loss persisted in
mice with CLP-induced sepsis. Already within the first 24 hours after surgery, the CLP procedure
resulted in significantly lower body weight (p<0.001) compared to mice that underwent the sham
procedure. On the morning of the terminal experiments, sham- and CLP-operated mice had lost on
average 4.00% (SEM $0.90) and 10.50% (SEM +0.53) of their original body weight, respectively.
Treatment with IAP had no significant effect on weight loss in either sham-operated mice or septic
mice (Figure 2).

On the evening before the final experiments, CLP-induced sepsis was associated with significantly
higher clinical disease scores (0.04 £0.04 vs. 4.63 +£0.23, p<0.001). Treatment with IAP slightly reduced

these clinical disease scores, but this effect was not statistically significant (p=0.124).

Effects of the CLP procedure and treatment with IAP on metabolic parameters are displayed in Table
1. Food and water intake, as well as urine output and stool production, were all significantly decreased
because of the CLP procedure. These parameters were, however, unaffected by the treatment with
IAP. Throughout the experiment, body temperatures were followed, but no significant differences

between the different groups were observed.

As fluid resuscitation was meticulously provided, no mortality was observed following the surgical

procedure and during the 2-day follow-up.

Effects on Intestinal permeability

Following the CLP procedure, the permeability of the small intestine for 4kDa FITC-dextran increased
3-5-fold compared to the corresponding sham groups (305 ng mlt 52 vs. 2097 ng ml?t +462
respectively, p<0.001, Figure 3). Treatment with IAP significantly reduced the permeability of the small

intestine for 4kDa FITC-dextran in septic mice compared to vehicle-treated septic mice (FITC-dextran



Plaecke 13

concentrations 1050 ng ml™ +188 vs. 2097 ng mlI™* +462, p=0.005; Figure 3).

RT-PCR analysis demonstrated a modified expression for claudin-2 (p=0.005), claudin-4 (p=0.003),
claudin-14 (p=0.023), claudin-18 (p=0.043) and occludin (p<0.001) in the ileum of septic mice due to
the CLP procedure (Table 2). Two-day treatment with IAP enhanced the gene expression of claudin-1
(p=0.025) and claudin-14 (p=0.035), but not the other tight junction proteins in the small intestine in
both sham and CLP-operated mice. Confocal immunohistochemical staining for claudin-1
demonstrated that the CLP procedure only had a very mild impact on the morphology of the intestinal
barrier and on the apical expression pattern of claudin-1 when comparing both sham groups (Figure
4a & 4b) with the vehicle-treated CLP group (Figure 4c). In addition, the claudin-1 staining supports
our observations of a comparable gene expression of claudin-1 after CLP treatment and a higher gene
expression after IAP treatment, given the moderately but visibly higher staining of claudin-1 at the
apical epithelial surface in the IAP-treated CLP group (Figure 4d) compared to the vehicle-treated CLP

group which is possibly linked to the intestinal permeability changes observed.

Although the relative gene expression of individual tight junction proteins was not significantly
modified when analyzed in a univariate manner, when combined, discriminant analysis revealed
claudin-14 (correlation between the expression levels of claudin 14 and the canonical discriminant
function: 0.353), claudin-5 (0.346), claudin-1 (0.331), occludin (0.317), and claudin-4 (-0.354) to be
good predictors to differentiate sham from CLP-operated mice, and mice treated with vehicle from
IAP-treated mice (Figure 5b). Based on the gene expression of all tight junction proteins in this
experiment, 89.2% of all mice could be correctly classified into the different treatment groups. In
addition, 88.9% of the septic mice treated with IAP, which had a different expression profile of tight

junction proteins, could be assigned to the appropriate groups (Figure 5b).

Effects on bacterial translocation

While bacterial translocation to the mesenteric lymph nodes, blood, abdominal cavity, and liver tissue

was rarely observed in mice that underwent the sham procedure, its incidence was highly increased
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following the CLP procedure (Figure 6). Cultures of mesenteric lymph nodes, liver tissue, abdominal
lavage fluid and hemocultures were positive for the presence of enteropathogens in 100.00%
(n=12/12), 75.00% (n=9/12), 91.67% (n=11/12), 41.67% (n=5/12), of vehicle-treated septic mice,
respectively. In absolute numbers, translocation of enteropathogens was less frequently encountered
when IAP had been administered, but these differences did not reach statistical significance. The
majority of enteropathogens identified with MALDI-TOF consisted of Escherichia coli and Enterococcus
faecalis. For a detailed overview of all bacteria belonging to the gut microbiome that were identified
with MALDI-TOF, we refer to the supporting material — Supplementary Table 2.

Permeability of the small intestine for 4kDa FITC-Dextran and the presence of enteropathogens in the
mesenteric lymph nodes (299 ng ml™ 83 vs. 2325 ng ml* £532, p=0.002; rp,=0.477, p=0.002), liver
tissue (510 ng ml™* £144 vs. 2530 ng ml™ +636, p=0.002; r,,=0.480, p=0.001), and abdominal lavage
fluid (450 ng mI™ +170 vs. 2208 ng ml™* 540, p=0.007; r,,=0.416, p=0.007) were significantly correlated

(Supporting information — Figure 1).

Effects on Intestinal inflammation

CLP-induced abdominal sepsis significantly altered the gene expression of several cytokines (Table 2).
The intestinal expression levels of /I-1f3 (p=0.001), /-6 (p=0.002), Tnfa (p<0.001), /I-10 (p<0.001), /II-18
(p<0.001) were significantly increased and expression of /-8 was decreased (p=0.036) in septic
animals. When analyzed univariately, treatment with IAP had no significant effect on the expression
of these or the other cytokines studied, except for /I-12 (p=0.015), whose expression was significantly
enhanced (Table 2).

A discriminant analysis showed that the combination of //-18 (0.673), /I-10 (-0.643), Tnfa (0.374), II-1f3
(0.297), and /I-6 (0.276) predicted best whether mice had undergone a sham or CLP procedure. //-12
(-0.463), Tnfa (-0.420), /I-10 (-0.322), and /I-6 (0.357) emerged as the most important determinants

for identifying mice receiving IAP treatment (Figure 5a). The cytokine profiles of 79.2% of mice that
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underwent a CLP procedure were sufficiently distinct to differentiate IAP-treated from vehicle-treated

mice, indicating an effect of IAP on intestinal inflammation.

At the protein level, elevated cytokine levels of IL-1R (+88.14%, p=0.001), IL-6 (+62.51%, p<0.001), and
TNFa (+72.98%, p<0.001) were observed after the induction of sepsis (Table 3). On the other hand, no

effects on IL-10 and IL-12 were seen. IAP had no effect on cytokine levels at the protein level.

IAP activity and IAP gene expression

Following the induction of sepsis, total alkaline phosphatase activity at the terminal ileum increased
significantly from 49 #5 to 64 +5 ng ml™ (p=0.002) and further to 74 +8 ng ml™ after administration of
IAP to septic mice (Figure 7). TNAP activity was limited in both sham groups but doubled in both CLP
groups (p<0.001). Levels of TNAP were similar between both sham groups and the two CLP groups,
therefore no effect of treatment with IAP was observed. IAP activity remained steady across all 4
groups, although the fraction of IAP in the total alkaline phosphatase activity decreased due to the
increase in TNAP activity. The IAP activity slightly increased in the IAP-treated CLP group, but this effect

was not statistically significant.

In contrast to the IAP activity, gene expression of Akp3 and Alpi decreased 5-fold (p<0.001) and 2-fold
(p<0.001) following the CLP procedure, but was not affected by IAP treatment (Table 2). Gene
expression of TNAP, encoded by the Alp/ gene, did not demonstrate any difference between any of

the 4 treatment groups (Table 2; supporting information — Figure 2).

Discussion

Sepsis is a severe pathology associated with high morbidity and mortality*> %6, During sepsis, the
gastrointestinal tract reinforces the already ongoing complex interplay between pro- and anti-

inflammatory mediators. Our results demonstrate increased intestinal permeability, a significantly
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higher occurrence of bacterial translocation and modified gene expression of cytokines and tight
junction proteins following the induction of sepsis by a CLP procedure. These changes are in
accordance with earlier observations in the literature and suggest the dissemination of pathogens to
the entire body through the vascular and lymphatic systems, in response to an initial proinflammatory
trigger*” %8, The complexity of the inflammatory response to sepsis seen in humans, which is typically
characterized by a dynamic pattern of concomitantly elevated levels of both pro- and anti-
inflammatory mediators, is also reflected in our model.

After the administration of IAP to septic mice in a combined preventive and curative set-up, the
increased permeability of the small intestine for FITC-dextran was reversed by almost 50% compared
to the vehicle-treated septic mice. Additionally, IAP administration enhanced the gene expression of
IL-12 in the intestine of control and septic mice. IL-12 is a proinflammatory cytokine involved in the
response to microbiota and microbial products by stimulating the production of other cytokines and
enhancing the cytotoxic response of natural killer cells and T-lymphocytes®. Our results further
revealed increased mRNA expression levels of claudin-1 and claudin-14 following IAP administration.
While claudin-1 has been recognized as a main structural tight junction protein in the intestine, the
link between claudin-14 and intestinal permeability is unclear®. Recently, claudin-14 has been
associated with vascular integrity and its expression in the intestine could be influenced by a probiotic
E. coli strain®> *2. A link between IAP and claudin-14, however, has not been described to date. We
propose that the enhanced expression of intestinal claudin-1 and claudin-14 may underlie the

beneficial effect of IAP on intestinal permeability to FITC dextran.

However, the beneficial effect of IAP on intestinal permeability appeared to be caused not only by
changes in the gene expression of /I-12, claudin-1, and claudin-14. Our results also showed that the
mMRNA levels of several other cytokines and tight junction proteins tended to be altered in IAP-treated
mice. Although the differences in gene expression for many of these cytokines and tight junction
proteins individually appear to be small, suggesting limited direct physiological consequences, we

hypothesized that the CLP model and treatment with IAP presumably altered several mediators at the
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same time. In order to observe these differences and to identify potential profiles linked with IAP, we
clustered cytokines and tight junctions proteins using a discriminant analysis. This analysis attempts
to assess whether combinations of tight junction proteins and cytokines selected for this study could
predict group membership to the IAP treatment and sham/CLP status, and thus identify cytokine and
tight junction protein profiles. This analysis clearly showed that the different groups in this study could
be distinguished from one another following this approach. We could identify selective tight junctions
(occludin, claudin-1, claudin-4, claudin-5 and claudin-14) and cytokines (TNFa, IL-18 IL-6, IL-10 and IL-
12) which together act as the main predictors for the presence of sepsis and for the beneficial effect
of IAP. Our results, therefore, indicate that IAP treatment influenced the ongoing inflammatory
profiles and had a multilevel impact on the intestinal barrier, rather than causing modifications in

individual proteins as one main driving force for the barrier dysfunction.

Our experiments demonstrate that endogenous alkaline phosphatase activity was increased in the
intestine during CLP-induced sepsis, which was mainly caused by an increase in TNAP activity. This
increased total alkaline phosphatase activity is presumably beneficial during inflammation and sepsis,
because of the ability of alkaline phosphatase to detoxify LPS. Although IAP activity did not significantly
increase during sepsis, its activity remained very stable during sepsis. Remarkably, this is in contrast
with the IAP gene expression (Akp3 and Alpi), which was significantly lower following the CLP
procedure, independent of IAP treatment. We hypothesized that this decreased gene expression of
IAP-encoding genes could be related to a negative feedback system caused by the increased alkaline
phosphatase activity. Yet, if this hypothesis was valid, we would expect that the gene expression would
be further modified by IAP treatment, resulting in even lower expression levels in the IAP-treated
animals. Instead, no differences were observed between both groups. More likely, the loss of IAP gene
expression in the ileum could also be related to the downregulation of the IAP synthesis based on the
reduced food intake during sepsis, as confirmed in our metabolic measurements. It is known that
intestinal levels of IAP vary depending on the nutritional status and location in the gastrointestinal

tract, with malnourishment and starvation lowering the synthesis of new IAP>3. Finally, IAP gene
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expression could also be reduced in the CLP groups because of sepsis-caused epithelial damage
resulting in epithelial cells losing their ability to produce IAP.

Increased production elsewhere (e.g. more proximal) in the alimentary tract might help to preserve
the IAP activity, compensating for the decreased gene expression at the terminal ileum. Also, this
raised alkaline phosphatase activity appears not to be significantly influenced by exogenous IAP, as
IAP activity was not significantly increased in IAP-treated septic mice compared to vehicle-treated
septic mice. Moreover, because IAP is eliminated quite rapidly from the peritoneal cavity, it is unlikely
that we would have observed any direct activity of the exogenous IAP, 12 hours after the last
administration?’. Therefore we have no evidence to support a direct effect of exogenous IAP on the

endogenous IAP synthesis or activity.

The beneficial effect of IAP treatment on intestinal permeability during sepsis was not associated with
a positive effect on clinical outcomes, nor did IAP therapy result in a statistically decreased bacterial
translocation of enteropathogens to the mesenteric lymph nodes, liver tissue, blood or abdominal
cavity. In contrast to our results, IAP has been shown to reduce bacterial translocation in multiple
studies with different experimental models. One study, using an IAP knockout model, demonstrated
a higher incidence of spontaneous bacterial translocation to the mesenteric lymph nodes and bacterial
counts tended to be higher when IAP was absent in the intestinal mucosa®. Similarly, a higher
tendency for bacterial translocation to the liver and lungs was demonstrated in a model of peritonitis,
which was induced by injection of abdominal lavage fluid coming from mice with a CLP-induced
sepsis®®. In that study, bacterial translocation could be reduced with respectively 65% and 79%
following oral IAP administration in a similar dose, but without the preventive administration®*. The
reason for the discrepancies between the results of these studies and our results is presumably
multifactorial. Firstly, these models are characterized by different underlying pathophysiological
mechanisms (e.g. ischemia-reperfusion and peritonitis), in which the trigger for the sepsis is not
continuously present. Additionally, bacterial translocation in our study was measured two days after

the induction of sepsis, at which time point the exogenously administered IAP could still be insufficient



Plaecke 19

to prevent virulent enteropathogens from migrating through the already severely impaired intestinal

barrier.

Some limitations and assumptions of our study design should be considered. First, we opted to
administer IAP in a combined preventive and curative set-up as a maximal treatment strategy,
although it might be clinically more relevant to study the curative administration of IAP only. We also
chose to administer IAP intraperitoneally, while oral administration might be more ideal, allowing it
to directly interfere with endoluminal pathogens and the LPS they produce. Unfortunately, during
abdominal sepsis, and also in our murine model, efficient oral distribution of IAP to the different bowel
segments was prevented by paralytic ileus. In addition, IAP was administered at only 4 time points, a
period of treatment that might have been insufficiently long enough to significantly alter the gene
expression of cytokines and tight junctions or to invoke beneficial effects on clinical outcomes. Finally,
because our experiments were focused on intestinal permeability, bacterial translocation, and
intestinal inflammation, we did not investigate the influence of IAP on 7-14 day mortality and survival.
However, mortality in our CLP model has been extensively studied at our lab and can be limited by
providing sufficient fluid resuscitation, as has been done in this study®®. Additionally, a beneficial effect
of IAP when administered intraperitoneally has already been demonstrated in the study by Ebrahimi

etal.?.

In conclusion, IAP has been demonstrated to be a promising detoxifying molecule against LPS
produced by enteropathogens. Our results show an ameliorative effect of IAP on the increased
intestinal permeability following CLP-induced sepsis. This is associated with a direct beneficial effect
of IAP treatment on the gene expression of /I-12, claudin-1 and claudin-14, but was also related to
changes in the expression of several other cytokines and tight junction proteins. Therefore, this study

demonstrates the ability of IAP to interfere with the intestinal barrier during sepsis.
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Tables

Table 1 — Sepsis and IAP treatment induced changes in metabolic parameters.
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Groups (n=5/group): Sham + Vehicle Sham + IAP CLP + Vehicle CLP + IAP
Metabolic parameter
Food Intake (g/24 hrs) 2.85+0.82 3.77 £0.46 0.70 £0.30* 1.10 £0.40*°
Water intake (g/24hrs) 3.44 £1.00 3.98 +0.63 1.49 +0.37* 1.62 +0.39*
Urine output (g/24hrs) 1.88 +0.13 1.51+0.41 0.61 +0.08* 0.92 £0.13*
Stool production (g/24 hrs) 1.28 +0.36 2.06 +0.36 0.32 +0.15* 0.62 £0.24*
Core body temperature (°C) 37.00 £0.48 35.92 +0.58 36.10 +£0.47 35.70 +£0.37

Summary of the food and water intake and output as observed in 20 OF1 mice, housed in metabolic
cages. Core body temperature was measured in the space between the liver and diaphragm. Results
are displayed as the input/output in grams over a time span of 24 hours tstandard error of the mean.
Statistical analysis was performed with two-way ANOVA . * indicates a significant effect (p<0.05) of
CLP. ?p<0.001. No significant effects of treatment with IAP on metabolic parameters were observed.

Table 2 — Effects of the CLP procedure and treatment with IAP on the gene expression of
inflammatory cytokines and tight junction proteins.

Gene (Protein) Sham + Vehicle Sham + IAP CLP + Vehicle CLP + IAP
Tight junction proteins
Cldn1 (Claudin-1) 1.27 £+0.16 1.55 +0.23# 1.34 +0.28 2.42 +0.43#
Cldn2 (Claudin-2) 1.14 +0.14 1.17 +0.12 0.79 +0.08* 0.84 +0.12*
Cldn3 (Claudin-3) 1.04 +0.06 1.06 +0.04 0.91 £0.05 0.98 +0.06
Cldn4 (Claudin-4) 1.01 +0.06 1.10 £0.05 0.91 +0.08* 0.98 £0.06*
Cldn5 (Claudin-5) 1.05 +0.11 1.250.10 0.86 +0.12* 0.88 £+0.13*
Cldn7 (Claudin-7) 1.07 £0.06 1.07 £0.05 1.05 +0.04 1.06 +0.07
Cldn14 (Claudin-14) 1.13 +0.24 2.37 £0.844 2.53 £0.43* 5.28 +1.56#*
Cldn18 (Claudin-18) 1.72 +0.66 6.02 £3.34 8.90 +4.43* 14.45 +4 97*
Ocln (Occludin) 1.22 +0.17 1.26 +0.19 0.68 +0.10* 0.69 +0.10*
Tjp1 (201) 1.02 +0.05 1.11 £0.02 1.05 +0.04 1.07 £0.05
Tjp3 (203) 1.05 +0.06 1.03 +0.03 1.08 +0.05 1.14 +0.07
Inflammatory Cytokines
111b (IL-1R) 1.19 +0.19 1.15+0.23 10.28 £3.73* 7.45 £2.35%
116 (IL-6) 1.27 £0.27 1.36 +0.29 8.84 £3.26* 5.68 £1.56*
Cxcl15 (IL-8) 1.31+0.18 1.52 +0.35 1.01 +0.20* 0.77 £0.19*
1110 (IL-10) 1.09 £0.15 1.06 £014 1.80 +0.21* 2.29 +0.34*
I112a (I1L-12) 2.11+£0.52 2.27 £0.484 1.14 +0.20 2.70 £0.48#
1118 (IL-18) 1.08 £0.11 1.131+0.11 3.07 £+0.32* 2.91 +0.33*
Tnf (TNFa) 1.17 £0.19 1.17 £+0.13 2.03 +0.30%* 2.85 +0.47*
Intestinal Alkaline Phosphatase encoding genes
Akp3 2.60 +0.40 3.24 +0.46 0.50 +0.09* 0.65 +0.10*
Alpi 1.72 +0.15 1.95 +0.17 0.80 +0.16* 0.99 +0.15*
Alpl 1.00 +0.14 1.05+0.12 1.05+0.14 1.11 +0.14

Analysis of mMRNA levels after quantification with rt PCR on terminal ileum samples. The expression of each
gene was normalized using QBase plus and expressed as a CNRQ value, with Gapdh, 18s rRna and Hprt1 as
housekeeping genes. For a list of the used primers, see Supplementary Table 1. Statistical analysis was
performed with two-way ANOVA followed by one-way ANOVA and LSD post-hoc testing when appropriate.
Results are displayed as the mean relative gene expression * standard error of the mean (SEM). N= 12
mice/group. * indicates a significant effect (p<0.05) of CLP. # indicates a significant effect (p<0.05) of IAP.
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Table 3 — Effects of the CLP procedure and treatment with IAP on the synthesis of inflammatory
cytokines at the protein level.

Protein Sham + Vehicle Sham + IAP CLP + Vehicle CLP + IAP
Cytokines (pg ml?)
IL-1R 6.46 £1.00 8.352.05 54.48 +23.06* 44.06 £14.07*
IL-6 5.06 +0.66 12.38 +5.88 218.22 +81.82* 137.26 +33.77%*
IL-10 3.21+0.44 3.68 +0.75 4.12 +0.85 4.23 +0.88
IL-12 1.62 +0.26 1.19 £0.23 1.62 £0.29 1.31+0.31
TNFa 7.49 +0.60 7.47 £1.06 28.53 £7.71% 21.43 +4.99*

Analysis of inflammatory cytokines at the protein level in the small intestine as determined with Cytometric
Bead Array. Statistical analysis was performed with two-way ANOVA followed by one-way ANOVA and LSD
post-hoc testing when appropriate. Results are displayed as the concentration of cytokine (pg ml?) +
standard error of the mean (SEM). N= 12 mice/group. * indicates a significant effect (p<0.05) of CLP. No
significant effects of treatment with IAP on cytokine levels were detected.
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Figure Legends

Figure 1 — Experimental Protocol

Overview of the experimental protocol. Mice received IAP or vehicle starting 5 min prior to the onset
of the CLP or sham procedure and this therapy was repeated after the procedure every 12 hours for
3 consecutive times. Throughout the duration of the experiment, mice were followed clinically using
a validated clinical disease score and by monitoring the body weight on days 1, 2 and 3. On the third
day, in vivo intestinal permeability, bacterial translocation, mRNA and protein levels of cytokines and

tight junction proteins were determined.

Figure 2 - Effects of the CLP procedure and treatment with IAP 1 IU g on clinical outcomes.

Effects of treatment with IAP on clinical disease scores and weight loss in mice undergoing a CLP or
sham procedure. Clinical disease scores (A) are displayed as the absolute scores. The majority of the
mice that underwent sham surgery scored zero. In contrast, the CLP procedure caused significantly
higher sepsis-related symptoms. Weight loss (B) is represented as the % weight loss compared to
baseline, which was measured shortly before sham/CLP surgery. CLP caused a significant decrease in
body weight compared to sham, but without an effect of treatment with IAP. N= 12 mice/group.

*indicates p<0.05 between CLP groups and the matching sham groups.

Figure 3 — Effects of the CLP procedure and treatment with IAP 1 IU g on intestinal permeability

measured in vivo in the small intestine.

Effects of the CLP procedure and treatment with IAP on small intestinal permeability measured with
4 kDa FITC-Dextran. Data are presented as mean relative serum FITC concentrations £ SEM with the
vehicle-treated sham group acting as the reference group. Statistical analysis with two-way Analysis

of Variance and LSD post-hoc testing. N= 12 mice/group. * indicates significant difference (p<0.05)
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from the respective sham group. # indicates significant difference (p<0.05) from the CLP + Vehicle

group.

Figure 4 — Immunofluorescent microscopy for Claudin-1 in terminal ileum samples.

Immunofluorescent staining of claudin-1 on the apical epithelium of the terminal ileum in the sham +
vehicle (a), sham + IAP (b) and CLP + vehicle (c) groups. The CLP procedure had a very mild influence
on the morphology of the intestinal epithelium, as seen in the CLP + vehicle (c) group. A moderately
but visibly higher staining of claudin-1 at the apical epithelial surface was observed in the IAP-treated
CLP group (Figure 4d) compared to the vehicle-treated CLP group. Images were taken on a Leica TCS
SP8 confocal laser scanning microscope (Leica-microsystems, Wetzlar, Germany) using a White Light

Laser at 20x magnification. Scale bars = 100 um, L= Intestinal lumen.

Figure 5 — Discriminant analysis of gene expression of cytokines and tight junction proteins

Discriminant analysis used to predict classification into the different treatment groups (sham/CLP &
Vehicle or IAP) in a multivariate matter, based on modifications in the gene expression of cytokines
and tight junction proteins. Dots represent individual mice. The group centroid is the average of each

group projected on function 1 (x-axis) and function 2 (y-axis).

Graph A demonstrates the ability to differentiate mice belonging to the different groups based on
altered cytokine expression. IL-1f3, -6, -8, -10, -12, -18, and TNFa were included in this analysis.
Function 1 (horizontal axis) mainly consists of predictors for discrimination between sham and CLP.
In this function, IL-18, IL-1f3 and IL-10 were the most predictive and hence most altered cytokines
as a result of sepsis. Function 2 (vertical axis) mainly provides predictors for discriminating between
vehicle/IAP treatment. This function was mostly influenced by /L-12, IL-6 and TNFa. Nevertheless,

TNFa, IL-6, IL-10 and IL-1f3 were significant predictors in both functions. Cytokine profiles could not
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distinguish sham groups from each other. Overall, 62.5% of mice were classified correctly. This

percentage increased to 79.2% in the CLP groups.

Similarly graph B demonstrates whether groups could be identified based on modified gene
expression of tight junction proteins (claudin-1, -2, -3, -4, -5, -7, -14, -18; Z0O-1, ZO-3, and occludin).
Function 1 (horizontal axis) depended mainly on claudin-4, claudin-14 and claudin-1, while claudin-
5, occludin and claudin-2 were the most important predictors in function 2 (vertical axis). However,
most of these tight junction proteins were instrumental in differentiating both sham from CLP and

vehicle from IAP, indicating that sepsis and IAP influenced multiple tight junction proteins.

Figure 6 — Bacterial translocation of enteropathogens to the mesenteric lymph nodes, blood, liver

and abdominal cavity.

Translocation of gastrointestinal tract derived enteropathogens to the mesenteric lymph nodes (A),
blood (B), liver (C), and abdominal cavity (D), demonstrating the effect of CLP-induced sepsis and
treatment with IAP on bacterial translocation. Results are expressed as the % of positive cultures, as
determined with MALDI-TOF after enrichment. The absolute number of positive cultures is displayed
below each group. Enteropathogens considered in the analysis: Escherichia coli, Enterococcus faecalis,
Enterococcus cloacae, Enterococcus gallinarum, Enterococcus Hirae. Statistical analysis with a chi-
square test comparing CLP groups to the corresponding controls and logistic regression for additional

analyses. N= 12 mice/group. * indicates p<0.05.

Figure 7 — Total alkaline phosphatase activity, tissue-nonspecific alkaline phosphatase activity (TNAP)

and IAP activity in terminal ileum samples.

AP, Alkaline Phosphatase; TNAP, Tissue-Nonspecific Alkaline Phosphatase; IAP, Intestinal Alkaline

Phosphatase. Overview of the total alkaline phosphatase activity, TNAP and IAP activity in terminal
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ileum samples. The graph displays the total alkaline phosphatase activity (blue dashed line), composed
of a fraction IAP and TNAP. Fractions represent the percentage of total AP which is IAP (fraction IAP)
or TNAP (fraction TNAP). Fractions and absolute activity levels are displayed below the graph.

CLP-induced sepsis causes a significant increase in total alkaline phosphatase activity and TNAP
activity. Although the fraction of IAP decreased, the absolute amount of IAP activity remained stable,
or even increased in the IAP-treated CLP group. Data presented as the activity measured in ng ml-1
tStandard error of the Mean. Statistical analysis with two-way Analysis of Variance. N= 12 mice/group.

*indicates significant difference (p<0.05) from the respective sham group.

Figure Legends for the supporting information

Supporting Figure 1 - Correlation between culture results and intestinal permeability (determined

with 4 kDa FITC-dextran.

Point-biserial correlation (rop) analysis of the FITC-Dextran concentration (logistic transformation) with
culture results of mesenteric lymph nodes, liver tissue, blood and peritoneal lavage fluid. Positive
culture results were correlated with higher FITC-Dextran concentrations, except for the hemoculture

results. rop = correlation coefficient for the point biserial correlation analysis.

Supporting Figure 2 — Gene expression of Alpl, the gene encoding murine tissue-nonspecific alkaline

phosphatase (TNAP)

Gene expression of Alp/, the gene encoding tissue-nonspecific alkaline phosphatase, in the ileum. Data
represents the relative gene expression (CNRQ), normalized to Gapdh, 18s rRNA, Hprt1 housekeeping
genes. No significant differences were observed between the 4 study groups. Two-way ANOVA was

used for the statistical analysis.



