Clinical & Experimental Inmunology
The Journal of Translational Inmunology

|mmunologﬂ

(@ ITETREL M S CIM O GIA ORIGINAL ARTICLE

do0i:10.1111/j.1365-2249.2011.04434.X

Protective pathways against colitis mediated by appendicitis

and appendectomy

R. Cheluvappa,* A. S. Luo,*

C. Palmer" and M. C. Grimm*
*Department of Medicine, St George Clinical
School, and "Inflammation and Infection
Research Centre, School of Medical Sciences,
University of New South Wales, Sydney, NSW,

Australia

Accepted for publication 19 May 2011
Correspondence: R. Cheluvappa, Inflammation
and Infection Research Centre, School of
Medical Sciences, Wallace Wurth Building,
University of New South Wales, Gate 9 High
Street, Sydney, NSW 2052, Australia.

E-mail: r.cheluvappa@unsw.edu.au

Introduction

Summary

Appendicitis followed by appendectomy (AA) at a young age protects against
inflammatory bowel disease (IBD). Using a novel murine appendicitis model,
we showed that AA protected against subsequent experimental colitis. To
delineate genes/pathways involved in this protection, AA was performed and
samples harvested from the most distal colon. RNA was extracted from four
individual colonic samples per group (AA group and double-laparotomy
control group) and each sample microarray analysed followed by gene-set
enrichment analysis (GSEA). The gene-expression study was validated by
quantitative reverse transcription—polymerase chain reaction (RT-PCR) of
14 selected genes across the immunological spectrum. Distal colonic expres-
sion of 266 gene-sets was up-regulated significantly in AA group samples
(false discovery rates < 1%; P-value < 0-001). Time—course RT-PCR experi-
ments involving the 14 genes displayed down-regulation over 28 days. The
IBD-associated genes tnfsf10, SLC22A5, C3, ccr5, irgm, ptger4 and ccl20 were
modulated in AA mice 3 days after surgery. Many key immunological and
cellular function-associated gene-sets involved in the protective effect of AA in
experimental colitis were identified. The down-regulation of 14 selected genes
over 28 days after surgery indicates activation, repression or de-repression of
these genes leading to downstream AA-conferred anti-colitis protection.
Further analysis of these genes, profiles and biological pathways may assist in
developing better therapeutic strategies in the management of intractable
IBD.
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appendiceal obstruction include lymphoid hyperplasia, fae-
coliths and malignancy [5]. Mortality due to acute appendi-

Regarded as vestigial and useless despite the abundant lym-
phoid follicles it contains, the human vermiform appendix is
constantly exposed to an array of intestinal flora. Unlike its
human counterpart, the appendix of other mammals such as
the rabbit has been recognized to play a pivotal role in sys-
temic and mucosal immunity [1-3]. The lifetime risk of
appendicitis has been estimated to be 8-7% in men and 6-7%
in women [4], making it the most common human abdomi-
nal emergency requiring surgical intervention.

Uncertainty has persisted about the causality of acute
appendicitis, although the most popular theory posits
luminal obstruction and incarceration of secretions, leading
to increased intraluminal pressure, culminating in mucosal
ischaemia and bacterial overgrowth. Potential causes of
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citis is around 0-3%, rising to 1-7% if perforation is present
[6]. Although acute appendicitis can occur at any age, the
peak age of incidence of appendicitis without perforation is
in the second and third decades [7].

There has been a paucity of immunological data from
appendicitis, in contrast to histopathological data. Similarly,
the immunopathology and complex interactions between
genetic predisposition, bacterial flora and the intestinal
immune system in inflammatory bowel diseases (comprised
of ulcerative colitis and Crohn’s disease) have not been elu-
cidated satisfactorily. The critical role of appendicitis fol-
lowed by appendicectomy in ameliorating or preventing
development of human ulcerative colitis [8-10] and Crohn’s
disease [9,11] has been demonstrated reproducibly, despite
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controversies surrounding that role in Crohn’s disease [12].
However, the protective effect is limited to patients having
surgery before 20 years of age [10]. Additionally, studies
in three different murine models including the T cell
receptor-o. mutant colitis model [13], the dextran sulphate
sodium-induced colitis model [14] and the adoptive T lym-
phocyte transfer colitis model [15] have demonstrated that
removal of the caecum prevented the development of
experimental colitis.

We recently developed a murine model of appendicitis by
constructing a pouch and ligature — occluding the murine
equivalent of the human appendix, the caecal patch, followed
by appendicectomy (removal of the murine caecal patch)
[16]. The appendiceal histopathology in this appendicitis
model closely resembles human appendicitis and reveals an
age-dependent protection against trinitrobenzene sulphonic
acid (TNBS)-induced colitis offered by appendicitis and
appendicectomy [16]. Appendicitis per se or appendectomy
per se was not protective. This protection offered by appendi-
citis followed by appendicectomy was dependent upon
appendiceal interleukin (IL)-10-producing CD4" and CD8"
regulatory T lymphocytes which proliferated in the appendix
and migrated to the distal colon (Ng et al., submitted).

Conventional gene expression analysis strategies have been
used successfully to elucidate differences in individual gene
expression between two groups or specific states. However,
this approach excludes the biological reality of cellular pro-
cesses concertedly effecting changes in series of genes as
diverse as transcriptional mediators, stress-responses, meta-
bolic processes, subcellular transport changes and cytokine
fluxes, etc. These changes may be subtle or undetectable at the
level of individual genes, but are evident at the level of gene-
sets. For example, just one-fifth of an increase in the expres-
sion of genes which are components of a pathway may
significantly change the flux via the pathway, increasing the
contribution of one gene 20-fold [17].

Previous studies have elucidated the pathogenic gene
pathways involved in human inflammatory bowel disease
(IBD) [18-23] and experimental models of IBD [24,25], or
the expression pathways involved in the therapy of human
IBD [26] and intervention in experimental models of IBD
[27-29]. In contrast, our novel study presented in this paper
identifies several key gene expression profiles and biological
pathways involved in the protective effect of appendicitis and
appendectomy in experimental colitis and paves a way
towards manipulating various aspects of these pathways to
develop better therapeutic strategies in the management of
intractable IBD.

Materials and methods

Animal experiments

Specific pathogen-free Balb/c mice (male, 5 weeks old), were
purchased from the Animal Resource Centre, Perth, Western
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Australia and kept in the University of New South Wales
holding and care facility in physical containment level 2
rooms. The mice were kept in filtered plastic cages and
permitted to acclimatize for 1 week before the studies
commenced. All experiments were approved and monitored
by the University of New South Wales Animal Care and
Ethics Committee. Mice were anaesthetized with xylazine
(5 mg/kg) and ketamine (100 mg/kg) intraperitineally (i.p.)
followed by allocation into two treatment groups, the appen-
dicitis group or the sham surgery group [16]. Surgical
manipulations were performed as described previously [16].
Briefly, mice were randomized to have either appendicitis or
sham operation. Appendicitis was induced by constructing
an appendiceal pouch from the caecal lymphoid patch. This
murine appendix was obstructed by rubber band ligation
using standardized negative aspiration. Sham surgery
entailed a similar procedure, but without continuous
obstruction by band ligation of the caecal patch and the
placement of a sterile rubber band in the abdominal cavity as
a control for foreign body reaction. Seven days following
initial surgery, appendicitis mice underwent appendicec-
tomy [appendicitis and appendectomy (AA) group] while
sham mice underwent a second sham surgery [sham and
sham (SS) group]. All mice were monitored daily for groom-
ing, weight loss, mobility and evidence of bowel obstruction.
Normal saline was administered subcutaneously daily to
ensure adequate hydration.

Processing of colonic specimens for RNA extraction

Transmural colonic samples were cleaned of faecal contents
with normal saline and transferred immediately to TRIzol®
reagent (Invitrogen Australia Pty Limited, Mulgrave, Victo-
ria, Australia; 50-75 mg of tissue in 600 ul of TRIzol®
reagent), snap-frozen in liquid nitrogen and stored at —80°C
until the microarray analysis. Further extraction entailed
chloroform and isopropanol treatment and centrifugation
followed by washing the resultant pellet with 75% ethanol,
air-drying and final reconstitution in nuclease-free H,O.
Concentration and purity of RNA were determined by auto-
mated optical density evaluation [optical density (OD)
260/0D 280 = 1-8 and OD 260/0D 230 = 1-8] using Nano-
drop ND-1000 (Nanodrop Technologies, Wilmington, DE,
USA). The degree of RNA degradation was analysed by the
Agilent electrophoresis bioanalyzer 2100 (Agilent Technolo-
gies Inc., Santa Clara, CA, USA) with the RNA integrity
number (RIN) values consistently above 7.

Experimental design of microarray studies

All experiments were designed to be compliant with
minimum information about a microarray experiment
(MIAME) standards [30,31]. To ensure adequate account-
ability for intrabatch and interbatch variability, colonic
samples from two batches, each batch encompassing colonic
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Table 1. Overview of differentially regulated gene-set groups in
appendicitis—appendectomy (AA) mice compared to sham—sham (SS)

mice.
Gene-sets
No. of up-regulated
Genes set group Category  gene-sets in AA mice
1 Kegg pathways KEGG 150 9
c2_kegg.GseaPreranked
2 Micro RNAs MIR 200 0
c3_mir.GseaPreranked
3 Transcription factors TFT 579 41
c3_tft.GseaPreranked
4 Biological processes BP 536 7
¢5_bp.GseaPreranked
5  Others OTH 1387 209
c2_all.GseaPreranked
Total 2852 266

The gene-set groups chosen for further evaluation had stringent
cut-off values (FDR < 1% and P <0-001). Using these criteria, there
were no gene-sets up-regulated in the SS group. However, 266 gene-sets
were up-regulated in the AA group. SS group: sham and sham group; AA
group: appendicitis and appendectomy group; FDR: false discovery rate.

samples from two AA mice and two SS mice. For Affymetrix
array experiments, four individual test samples were used
per group (AA group versus SS group; one colonic sample
per mouse) with each sample hybridized to an individual
slide (Table 1).

Affymetrix array process — labelling, hybridization,
scanning and normalization

For Affymetrix arrays, 100 ng of RNA from each sample was
labelled using the Whole Transcript Sense Target Labelling
Assay as described previously [32] (Affymetrix). Labelled
cRNA samples were then hybridized to Affymetrix mouse
gene 1-0 ST arrays (28 853 well-annotated genes) (Rama-
ciotti Centre for Gene Function Analysis, University of New
South Wales, Australia) before being scanned using a
Aftfymetrix GCS3000 7G four-colour gene array scanner
with autoloader (Affymetrix). The Gene Expression
Omnibus Accession number for microarray data reported
here, inclusive of MIAME-compliant experimental details
[30,31], is GSE23914, and the relevant link is http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgitacc=GSE23914.

Microarray preprocessing and filtering

All non-control probesets from the eight arrays were
imported into Partek (version 6-4; Partek Inc., St Louis, MO,
USA), and then normalized using RMA [33]. Using principle
components analysis, a batch effect was evident in principle
component 1, which was removed using the batch removal
tool in Partek, using default parameters. The probability of
each probeset being expressed was determined using the
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detected above background procedure, using Affymetrix
Power Tools (version 1-10-2), excluding 13 probes from
probeset 10338063 which had very low GC, and thus did not
have matched controls. Probesets were excluded if none of
the samples were detected above background (P=107). To
assess the degree of differential expression between AA and
SS groups, a two-way analysis of variance (ANOVA) on treat-
ment and batch was fitted to each probeset using Partek. To
correct for multiple hypothesis testing, we used the qvalue/
positive false discovery rate (FDR) [34].

Gene-set enrichment analysis (GSEA)

We compared gene expression profiles to the ¢2_all collec-
tion of curated gene-sets from the molecular signatures data-
base (version 2-5) [35]. This collection contains gene-sets
that are experimentally derived, as well as from expert
curated pathway databases. A preranked file was created,
containing the average difference between AA and SS for
each probeset, sorted from most up-regulated in SS to most
down-regulated. We used the na28 annotation csv file from
http://www.affymetrix.com to determine the gene symbol
for each probeset and collapsed probesets to unique genes
using the default, max_probe option, resulting in 18 600
unique genes. GSEA (version 2-0) [35] was run in preranked
mode, using default parameters (gene-set sizes between 15
and 500 leaving 1387 gene-sets, 1000 permutations, images
on the top 50 gene-sets).

Validation and analysis of gene expression with reverse
transcription—polymerase chain reaction (RT-PCR)

We used mRNA extracted from distal colons obtained from
four SS and four AA mice for RT-PCR confirmation of our
gene expression study. Reverse transcription to produce
cDNA was performed using RT? First Strand Kits (SA Bio-
sciences, Frederick, MD, USA), according to the manufactur-
er’s instructions. RT-PCR was performed utilizing the
LightCycler 480 real-time PCR system (Roche Applied
Science, Mannheim, Germany) with RT* SYBR green PCR
master mix according, to the manufacture’s protocol (SA
Biosciences). Predesigned primers for genes of interest (slpi,
sI100A8, Ibp, CD68, IL18R1, IL33, ccl8, cxcl10, ccl12, pfd, ccl5,
ccl7, fprl and ccr5) were obtained from SA Biosciences. For
reference genes we evaluated three candidates, B-actin,
B-glucuronidase and 18S rRNA. Beta-glucuronidase was
selected based on similar expression patterns to most of our
genes of interest and also because it was expressed invari-
antly between the groups. Hence, each sample was normal-
ized on the basis of its B-glucuronidase content. Thermal
cycling was performed as follows: initial denaturation at
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and
60°C for 1 min. Each assay was performed in duplicate. The
quantification points generated from quantitative RT-PCR
(qQRT-PCR) were normalized against a reference gene using
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this formula: normalized value of gene of interest with
B-glucuronidase = 27 @57 Prs, where QP = quantitative
point, GOI = gene of interest and RG = reference gene (i.e.
B-glucuronidase).

Time—course expression study of selected genes over 4
weeks using RT-PCR

We used the same 14 genes that we used for RT-PCR con-
firmation of our microarray study. We collected distal
colonic samples from 3 days, 14 days and 28 days after the
last (second) surgery. For each of the time-points we used
four SS and four AA mice. The colons were collected, stored
and processed for RT-PCR as described earlier.

Statistics

Group comparisons were analysed using the Mann—Whitney
U-test with GraphPad Prism (Graphpad Software, San
Diego, CA, USA). The differences were considered to be
significant if P < 0-05.

Results

Groups of gene-sets enriched

We utilized GSEA, developed by Mootha [17], to delineate
related genes and biological pathways that were consistently
altered in the distal colons of all AA mice when compared to
the all the control SS mice. Distal colons were selected as this
is the site of migration of protective appendiceal lympho-
cytes (Ng et al., submitted). Our approach merges data from
groups of gene-sets described previously in the literature to
detect significant expression differences. These gene-set
groups were Kegg pathways (150 gene-sets), micro-RNAs
(200 gene-sets), transcription factors (579 gene-sets), bio-
logical processes (536 gene-sets) and others (1387 gene-sets).
We used stringent statistical cut-offs: false discovery rates
(FDR) values < 1% and P value < 0-001. Expression of 266
gene-sets was up-regulated significantly in AA group
samples; distributed across Kegg pathways (9 gene-sets),
transcription factors (41 gene-sets), biological processes
(seven gene-sets) and others (209 gene-sets) as depicted in
Table 1. The 266 gene-sets up-regulated in the AA group
(Table S1) included immunity-related and unrelated gene-
sets. No gene-sets were up-regulated in the SS group when
compared to the AA group.

Correlation of IBD-linked genes with up-regulated
post-AA distal colonic genes

The tnfsf10 gene was up-regulated 1-46-fold, the SLC22A5
gene (OCTN2) 1-31-fold, the C3 gene 1-74-fold, the ccr5
gene 1-5-fold, the irgm gene 1-66-fold and the ptger4 gene
1-43-fold in the AA mice 3 days after surgery. Conversely, the
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ccl20 gene was decreased 0-6-fold in the AA mice 3 days after
surgery.

Quantitative RT—PCR validation of
our gene-expression study

We selected 14 genes for confirmation of our gene expression
studies. These genes were immunological genes of interest
which were up-regulated in the AA group in this study. They
broadly belonged to four major groups: innate immunity
(slpi, s100A8, Ibp, CD68), immune mediators (ILI8R1, IL33),
cell migration-chemokines (ccl8, cxcl10, ccl12 or mcp5, pfd,
ccl5, ccl7 or mcp3) and cell migration-receptors (fprl, ccr5).
The RT-PCR results (Fig. 1) indicate that eight of the total
14 genes tested were up-regulated significantly in the AA
group; three of these genes just missed statistical signifi-
cance, and three genes showed no difference between the SS
and AA groups. These RT-PCR results validate our microar-
ray data.

Time—course expression study of selected genes over
4 weeks using RT-PCR

Distal colonic samples from 3 days, 14 days and 28 days after
the last (second) surgery from SS and AA mice were assessed.
SS and AA expression levels of all 14 genes analysed (except
for the pf4 gene) either decreased or remained level. Pertain-
ing to the four innate immunity genes that were quantified
(slpi, s100A8, Ibp, CD68), slpi was reduced significantly in
the AA group when compared to the SS group at the 28
day post-surgery time-point, in contrast to the 3-day
post-surgery time-point (Fig.2). CD68 was relatively
up-regulated in the SS group, although being expressed to a
relatively lesser extent in the AA group (Fig. 2). Of the eight
cell migration genes that were quantified (ccl8, cxcl10, ccl12,
Pf4, ccl5, ccl7, fprl, ccr5), except for the pf4 gene, both SS and
AA expression levels either decrease or remain steady for all
the genes (Fig. 3).

Of the two immune-mediator genes that were quantified
(ILI8R1,1L33), only IL18R1 expression was reduced signifi-
cantly in the AA group when compared to the SS group at the
28-day post-surgery time-point (Fig. 4).

Discussion

Utilizing the first murine appendicitis model (developed by
us), we have shown previously that although appendicitis
alone or appendectomy alone or no intervention alone were
not protective, appendicitis followed by appendectomy (AA)
provided significant protection against subsequent experi-
mental colitis [16]. We chose the distal-most colonic samples
carefully, avoiding the caecum and the rest of the colon, not
only for the obvious reason of pathological relevance, but
also to minimize bacterial contamination and severely acute
inflammatory changes in the acutely inflamed caecum. We
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have also avoided delving into minutiae regarding specific
immunological systems, such as the markedly suppressed T
helper type 2 (Th17) system in AA which will be expounded
in another manuscript, for the sake of space, brevity and
focus.

We used gene-set enrichment analysis (GSEA) to elucidate
the pathways involved in this protective effect. Distal colonic
expression of 266 gene-sets was significantly up-regulated in
AA group samples and the study was validated by quantita-
tive RT-PCR of 14 selected genes. However, time—course
experiments involving these genes displayed down-
regulation of these genes over a period of 28 days in both SS
and AA groups.

Many key immunological, apoptosis-related and cellular
function-associated gene-sets involved in the protective
effect of AA in experimental colitis were identified. The
up-regulated gene-sets not known to be involved directly in
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nuclear factor-kappaB (NF-kB)-related pathways, cellular
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chemokine and cytokine-related pathways, interferon and
other immune-factor-related or -induced pathways.

The IBD-associated genes tnfsf10, SLC22A5, C3, ccr5, irgm,
and ptger4d were up-regulated and ccl20 gene (also IBD-
associated) was decreased in AA mice 3 days after surgery. Of
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immunologically relevant IBD genes that were modulated,
tnfsf10 [36] encodes a cytokine belonging to the tumour
necrosis factor (TNF) ligand family, which binds to several
members of the TNF receptor superfamily and triggers acti-
vation of MAPKS8/JNK and caspases. The C3 gene [37]
product plays a central role in the activation of both classical
and alternative complement pathways in ‘innate’ immunity.
Ccr5 [38] encodes a member of the beta chemokine receptor
family, which is expressed by T cells and macrophages, and
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(RT-PCR): immune mediators. Longitudinal RT-PCR study
comparing transcript levels in SS and AA mice at 7, 14 and 28 days
after the second surgery. The two genes in this panel play roles in
immune mediation. Both SS and AA expression levels either decrease
or remain level. However, at the 28-day post-surgery time-point,
il18R1 expression was reduced significantly in the AA group when
compared to the SS group. AA: appendicitis—appendectomy; SS:
sham-sham. *P < 0-05. SS group, sham and sham group; AA group,
appendicitis and appendectomy group.
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has ligands known to be important in the intestine [39]. The
ptger4d gene [40] encodes a G-protein coupled receptor for
prostaglandin E, (PGE,), which activates T cell factor signal-
ling, and ccl20 is a crucial intestinal chemotactic factor which
aids formation and function of mucosal lymphoid tissues by
attracting lymphocytes and dendritic cells towards epithelial
cells, and in addition possesses anti-bacterial activity [41].
The SLC22A5 gene (OCTN2) gene [42] encodes an organic
cation transporter critical for elimination of endogenous
organic cations, drugs and environmental toxins. The irgm
product [43] regulates autophagy in response to intracellular
pathogens. All these identified genes are crucial to the
immune features of the intestine relevant to bacterial and
toxin handling, and they share fundamental importance in
our current understanding of IBD pathogenesis.

By 28 days after AA (data not shown), only the tnfsf10
gene (1-6-fold) and the irgm gene (1-7-fold) remained
up-regulated and the ccl20 gene (0-63-fold) was sustainedly
down-regulated, buttressing suggested roles for these genes
in IBD pathogenesis and appendicitis-related protection
against IBD.

The genes chosen for RT-PCR validation were represen-
tative of immune functions pertaining to innate immunity
(slpi, s100A8, Ibp, CD68), cell migration (ccl8, cxcl10, ccl12,
pf4, ccl5, ccl7, fprl, ccr5) and immune-mediation (ILI18RI,
IL33). Additionally, these genes were represented well across
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many gene-sets up-regulated in the AA group (data not
shown).

Although the RT-PCR data at the 3-day time-point vali-
dated our microarray data, the subsequent down-regulation
of 13 of the 14 selected genes shown by RT-PCR over 28 days
after surgery is indeed intriguing. This may indicate activa-
tion, repression or de-repression of these or related genes
leading to downstream gene-products, culminating in the
milieu responsible for the durable AA-conferred protection
against colitis. Inexplicably, CD68 was up-regulated in the SS
group, although being expressed to a relatively lesser extent
in the AA group.

Preliminary microarray data at the 28-day post-surgery
time-point indicate fundamentally different gene-sets may
be implicated in the durable effect of appendicitis and
appendectomy. These genes and gene-sets may indicate
downstream gene expression changes owing to repression or
de-repression of genes modulated at earlier (3-day) time-
points (data not shown).

Further analysis of these profiles and biological pathways
will assist in the utilization of these gene products and
manipulating various aspects of these pathways to develop
better therapeutic strategies in the management of intrac-
table IBD.
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