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Summary

Appendicitis followed by appendectomy (AA) at a young age protects against
inflammatory bowel disease (IBD). We wanted to characterize the role of the
T helper type 17 (Th17) system involved in this protective effect. AA was per-
formed on 5-week-old male BALB/c mice and distal-colon samples were har-
vested. Mice with two laparotomies each served as sham–sham (SS) controls.
RNA was extracted from four individual colonic samples per group (AA and
SS groups) and each sample microarray-analysed and reverse transcription–
polymerase chain reaction (RT–PCR)-validated. Gene-set enrichment analy-
sis (GSEA) showed that the Th17 recruitment factor gene CCL20 was
significantly suppressed at both 3 days post-AA and 28 days post-AA.
Although Th17 cell development differentiation factor genes TGF-β2 and
TGF-β3 were significantly up-regulated 3 days post-AA, GSEA 28 days
post-AA showed that AA down-regulated 29 gene-sets associated with TGF-
β1, TGF-β2 and TGF-β3 in contrast to none up-regulated with any of these
genes. GSEA showed substantial down-regulation of gene-sets associated
with Th17 lymphocyte recruitment, differentiation, activation and cytokine
expression in the AA group 28 days post-AA. We conclude that Th17-system
cytokines are kept under control by AA via down-regulation of
proinflammatory CCL20, a rapid down-regulation of pro-Th17 cell differen-
tiation genes TGF-β2 and TGF-β3, suppression of RORC-associated gene-
sets, increased protective STAT1 expression and suppression of 81 ‘pro-Th17’
system gene-sets. AA suppresses the Th17 pathway leading to colitis amelio-
ration. Further characterization of Th17-associated genes and biological
pathways will assist in the development of better therapeutic approaches in
IBD management.
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Introduction

The appendix, replete with abundant lymphoid tissue, is
constantly exposed to manifold intestinal flora. The inci-
dence of appendicitis is approximately 7%, making it the
most common abdominal emergency requiring surgery [1].
The peak incidence of appendicitis without perforation is in
the second and third decades of life [2].

The complex interplay between genetic proclivity, gut
flora and intestinal immunity in inflammatory bowel
disease (IBD) (ulcerative colitis and Crohn’s disease) has
not been delineated satisfactorily. The critical role of
appendicitis followed by appendectomy (AA) in ameliorat-

ing or preventing development of human ulcerative colitis
[3–5] and Crohn’s disease [4,6] is limited to patients
having surgery before turning 20 [5]. In mice, the major
caecal lymphoid patch is the equivalent of the human
appendix. The removal of the caecum prevented the devel-
opment of experimental colitis in three murine colitis
models, namely T cell receptor-α mutants [7], the dextran
sulphate sodium model [8] and the adoptive T cell transfer
colitis model [9].

The newly described interleukin (IL)-17-secreting subset
of CD4+ T cells, called T helper type 17 (Th17) cells, has
been increasingly implicated in the pathogenesis of inflam-
matory changes in inflammatory/autoimmune diseases,
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including IBD. Th17 cells are not homogeneous. Contin-
gent upon the cytokine milieu, and depending upon
co-expression of other cytokines such as IL-10 or inter-
feron (IFN)-γ, Th17 cells may turn out to be protective or
damaging [10].

In an adoptive transfer model of colitis, it was shown that
retinoic acid-related orphan receptor (ROR)γt controls
IL-17A and IL-17F production in the induction of colitis
pathology [11]. In the dextran sulphate sodium murine
colitis model, IL-17F deficiency results in decreased inten-
sity of colitis [12]. IBD gut mucosa contain an excess of
IL-17-producing lymphocytes [13]. IL-17F gene expression
expression is up-regulated in IBD mucosa [14].

In contrast, a few studies have shown that Th17 cytokines
may have some protective effects in the gastrointestinal
tract. Adoptive transfer of CD45RBhiCD25–CD4+ T cells
from IL-17A knock-out mice induces severe colitis in
recipient immunodeficient mice [15], suggesting that anti-
inflammatory effects of IL-17A in the gut may be linked to
the negative regulation of Th1 cell responses. One of the
Th17 cytokines, IL-22, enhances epithelial defensin and
mucus production, posting a protective gut counter-
regulation [16].

IL-23 is necessary for conferring pathogenicity to Th17
cells, as it has been shown that in the absence of IL-23, Th17
cells may develop IL-10-related regulatory functions [17].

The first murine model of AA was developed by us [18].
In this model, the appendiceal pathology closely resembled
that of human appendicitis, and AA offers an age-
dependent protection against trinitrobenzene sulphonic
acid (TNBS) colitis [18].

Gene expression analysis strategies have been used suc-
cessfully to elucidate differences in individual gene expres-
sion between two experimental groups. However, this
approach does not take into account the biological reality of

cellular processes cohesively or contiguously effecting
changes in gene-sets. These changes, subtle at the level of
individual genes, are explicit at the level of gene-sets.

This study uses microarray analysis and gene-set enrich-
ment analysis (GSEA) [19] to identify, characterize and link
possible roles of the Th17 system and its biological path-
ways involved in the protective effect of AA in experimental
colitis.

This study is a topically circumscribed but intricate
follow-up to our previous study published in Clinical and
Experimental Immunology [20]. A robust set of reverse
transcription–polymerase chain reaction (RT–PCR) results
have already been published [20], validating our microarray
results. This has been indicated with the reference or sum-
marized succinctly in the Materials and methods section.
Repeating the methodologies and results in detail here
would therefore be redundant and repetitive. The raw
microarray data in toto have already been submitted to the
Gene Expression Omnibus. The Accession number for
microarray data reported here is GSE23914. We do not
intend to overshoot our speculative boundaries in Fig. 1.
The figure merely depicts a pictorial summary of the
conceptual linkage between the salient findings in this
study.

Materials and methods

Animal experiments

Specific pathogen-free Balb/c mice (male, 5 weeks) were
purchased from the Animal Resource Centre, Perth,
Western Australia and kept in the University of New South
Wales holding and care facility in physical containment
level 2 rooms. All experiments were approved and moni-
tored by the University of New South Wales Animal Care

Colonic mucosaAppendicitis + appendectomy

CCL20

STAT-1

Th17

IL–17↑RORC mRNA

↓RORC gene sets

Tissue

pathology

TGF-β

T naive

Fig. 1. Pathways utilized by appendicitis–

appendectomy (AA) to suppress T helper type

17 (Th17) responses. Th17 effector cytokine

outflow with its pathogenic potential is

suppressed by AA via (1) down-regulation of

proinflammatory Th17 cell recruitment-factor

CCL20; (2) a rapid down-regulation of

pro-Th17 cell differentiation genes TGF-β1,

TGF-β2 and TGF-β3; (3) down-regulated

RORC-associated gene-sets, despite increased

RORC expression per se; and (4) increased

protective STAT1 expression.

Th17 pathway, appendectomy and colitis

317© 2013 British Society for Immunology, Clinical and Experimental Immunology, 175: 316–322



and Ethics Committee. Mice were anaesthetized with
xylazine (5 mg/kg) and ketamine (100 mg/kg) intraperi-
toneally (i.p.) followed by allocation into two treatment
groups, the appendicitis group or the sham surgery group
[18]. 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 appendectomy
[appendicitis and appendectomy (AA) group], while sham
mice underwent a second sham surgery [sham and sham
(SS) group]. All mice were monitored daily.

Processing of colonic specimens for RNA extraction

Transmural colonic samples were cleaned of faecal contents
with normal saline and transferred immediately to TRIzol®
reagent (50–75 mg of tissue in 600 μl of TRIzol® reagent;
Invitrogen Australia Pty Limited, Mulgrave, Australia),
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 H2O. Concentra-
tion and purity of RNA were determined by automated
optical density evaluation [optical density (OD) 260/OD
280 ≥ 1·8 and OD 260/OD 230 ≥ 1·8] using Nanodrop
ND-1000 (Nanodrop Technologies, Wilmington, DE, USA).
The degree of RNA degradation was analysed by the Agilent
electrophoresis bioanalyzer 2100 (Agilent Technologies Inc.,
Santa Clara, CA, USA) with the RNA integrity number
(RIN) values consistently above 7.

Experimental design of microarray study

All experiments were designed to be compliant with
minimum information about a microarray experiment
(MIAME) standards [21,22]. For Affymetrix array experi-
ments, four individual test samples (for 3-day post-SS/AA
time-point) or three individual test samples (for 28-day
post-SS/AA time-point) were used per group (AA group
versus SS group; one colonic sample per mouse) with each
sample hybridized to an individual slide.

Affymetrix array process – labelling, hybridization,
scanning and normalization

RNA from distal colonic tissue obtained from mice was not
pooled. RNA from each mouse specimen was taken indi-
vidually through the microarray process. For Affymetrix

arrays, 100 ng of RNA from each sample was labelled using
the Whole Transcript Sense Target Labelling Assay, as
described (Affymetrix). Labelled cRNA samples were then
hybridized to Affymetrix Mouse Gene version 1.0 ST arrays
(28 853 well-annotated genes) (Ramaciotti Centre for Gene
Function Analysis, University of New South Wales, Aus-
tralia) before being scanned using a Affymetrix 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 [21,22], is
GSE23914, and the relevant link is http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=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 Robust Multichip
Average (RMA) [23]. By 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 detected above back-
ground procedure, using Affymetrix Power Tools (version
1.10.2), excluding 13 probes from probeset 10338063 which
had very low guanine–cytosine (GC), and thus did not have
matched controls. Probesets were excluded if none of the
samples were detected above background (P-value = 10−5).
To assess the degree of differential expression between AA
and SS groups, a two-way analysis of variance (anova) on
treatment and batch was fitted to each probeset using
Partek. To correct for multiple hypothesis testing, we used
the qvalue/positive false discovery rate (FDR) [24].

Gene-set enrichment analysis (GSEA)

We compared gene expression profiles to the c2? all collec-
tion of curated gene-sets from the molecular signatures
database (version 2.5) [19]. 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) [19] was run in
preranked mode, using default parameters (gene-set sizes
between 15 and 500 leaving 1387 gene-sets, 1000 permuta-
tions, images on the top 50 gene-sets).

Enrichment of Th17 system associated gene-sets

We utilized GSEA developed by Mootha et al. [25], which
merges data from groups of gene-sets described previously
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in the literature to detect significant expression differences.
These gene-set groups were Kegg Pathways (150 gene-sets),
microRNAs (200 gene-sets), transcription factors (579
gene-sets), biological processes (536 gene-sets) and others
(1387 gene-sets). We utilized stringent statistical cut-offs
(FDR values < 1 % and P-value < 0·001) to delineate Th17
system-associated gene-sets, which were also consistently
altered in the distal colons of all AA mice when compared
to the all the control SS mice.

Quantitative RT–PCR validation of microarray study

We selected 14 genes for confirmation of our gene expres-
sion studies. These genes broadly belonged to four major
groups: innate immunity (slpi, s100A8, lbp, CD68); immune
mediators (IL18R1, IL33), cell migration chemokines (ccl8,
cxcl10, ccl12 or mcp5, pf4, cxcl5, ccl7 or mcp3) and cell
migration receptors (fpr1, ccr5). Specific methodologies
and the RT–PCR study validation results have already been
published [20].

Statistics

Group comparisons were analysed using the Mann–
Whitney U-test with GraphPad Prism (GraphPad Software,
San Diego, CA, USA). Data are expressed as mean ± stand-
ard error of the mean and the differences were considered
to be significant if the P-value was < 0·05.

Results

Individual distal colonic gene expression of important
Th1- and Th2-associated genes

We examined 33 Th1 system genes at two time-points – 3
days post-AA and 28 days post-AA. The 33 genes were:
CD4, CD27, CD28, CD80, CD86, IL2, IL10, IL12A, IL12B,
IL18, IL2RA, IL18R1, TNF, INHA, INHBA, IRF4, SFTPD,
SPP1, TLR4, TLR6, CXCR3, CCR5, CSF2, GLMN, HAVCR2,
IFNG, IGSF6, IRF1, SOCS1, SOCS5, STAT1, STAT4 and
TBX21. Only one gene (IL2RA) among the 33 Th1 system
genes evaluated showed changes (slightly down-regulated) 3
days post-AA in distal colonic samples (P-value = 0·031).
Only one gene (STAT1) among the 33 Th1 system genes
evaluated showed changes (up-regulated) 28 days post-AA
in distal colonic samples (P-value = 0·004)

We examined 33 Th2 system genes at two time-points – 3
days post-AA and 28 days post-AA. The 33 genes were:
CCL5, CCL7, CCL11, CCR2, CCR3, CCR4, CEBPB,
NFATC2IP, GATA3, GFI1, GPR44, ICOS, IL4, IL5, IL9, IL10,
IL13, IL18, IL13RA1, IL1R1, IL1R2, IL4RA, IL4RB, IRF4,
JAK1, MAF, NFATC1, NFATC2, NFATC2IP, PCGF2, STAT6,
TMED1 and CD86. Only one gene (MAF) among the 33
Th2 system genes evaluated showed changes (up-regulated)
3 days post-AA in distal colonic samples (P-value = 0·012).

Only one gene (CCL5) among the 33 Th2 system genes
evaluated showed changes (up-regulated) 28 days post-AA
in distal colonic samples (P-value = 0·049).

Individual distal colonic gene expression of key Th17
system-associated genes

The genes chosen (Table 1) for expression-level evaluation
are those with well-documented direct links with the Th17
system with or without links to IBD. The Th17 recruitment
factor gene CCL20, which has been shown to be
up-regulated in IBD [26], was suppressed significantly at
both 3 days post-AA and 28 days post-AA. The Th17 cell
development transcription factor genes RORC and STAT1
were up-regulated significantly only at 28 days post-AA, but
not at 3 days post-AA. The Th17 cell development differen-
tiation factor genes TGF-β1 and TGF-β2 were up-regulated
significantly only 3 days post-AA, but not later at 28 days
post-AA. However, none of the Th17 system growth/
stabilization factors or the effector Th17 system interleukins
was modulated at either time-point.

Enrichment of Th17 system-associated gene-sets

Utilizing stringent statistical cut-offs for GSEA (FDR
values < 5% and P-value < 0·001), we delineated 28-day
post-AA Th17 system-associated gene-sets which were also
consistently altered in the distal colons of each of the AA
mice when compared to that from each of the control SS
mice (Table 2). Only 17 gene-sets were up-regulated in the
AA group, compared to 81 down-regulated gene-sets. Of
the 17 up-regulated gene-sets, 13 were associated with
STAT1, a down-regulator of Th17 responses. The down-
regulation of AA-associated gene-sets spans genes associ-
ated with Th17 recruitment, differentiation, activation
and effector interleukin expression. Pertaining to RORC-
associated gene-sets (Table 2), no gene-sets were up-
regulated in AA, in contrast to 12 gene-sets down-regulated
by AA.

Discussion

Utilizing a new murine appendicitis model developed by us
[18], we showed that AA provided significant protection
against subsequent experimental colitis. We used GSEA to
elucidate the pathways involved in this protective effect, and
RT–PCR for validation of the study. Microarray data
derived from distal colonic expression from the 3-day and
28-day post-surgery time-points indicate that different
genes and gene-sets are responsible for the durable protec-
tive effect of AA against colitis [20]. Perturbations in Th1
and Th2 system genes were minimal.

We chose well-defined genes associated with the
Th17 system (Table 1) for microarray evaluation of gene
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expression levels. The Th17 recruitment factor CCL20 [26]
found on inflamed gut mucosa and its ligand CCR6 [27],
found on Th17 cells, are both up-regulated in IBD.

In our study, the CCL20 gene was down-regulated signifi-
cantly at both 3 days post-AA and 28 days post-AA, point-
ing to its direct, immediate and sustained inhibition by AA.
The Th17 cell development differentiation factor genes
TGF-β2 and TGF-β3 were up-regulated significantly only 3
days post-AA, but not later at 28 days post-AA, suggesting
that the initial proinflammatory push towards Th17 cell
differentiation was expeditiously curbed. Two Th17 cell
development transcription factor genes, namely RORC and
STAT1, were up-regulated not at 3 days post-AA but only at
28 days post-AA. There was an up-regulation of RORC at
the latter 28 days post-AA time-point, encoding the tran-
scription factor and putative Th17-marker RORγt. It is
indeed noteworthy that STAT1, which was up-regulated
only at 28 days post-AA, is known to inhibit Th17 responses
[28], and hence could reflect immunological efforts to
curtail extant Th17 responses. Despite all these Th17 system
gene modulations, none of the Th17 system growth/

stabilization factors or the effector Th17 system interleukins
was up-regulated at both 3 days post-AA and 28 days
post-AA.

GSEA 28 days post-AA (Table 2) flowed in the direction
of individual Th17 system gene expression data, revealing
that only 17 gene-sets were up-regulated by AA, in stark
contrast to 81 gene-sets down-regulated by AA. Of the 17
up-regulated gene-sets, 13 were associated with signal trans-
ducer and activator of transcription-1 (STAT-1), a down-
regulator of Th17 responses [28]. The substantial down-
regulation of AA-associated gene-sets spreads across genes
associated with Th17 lymphocyte recruitment, differentia-
tion, activation and cytokine expression.

GSEA 28 days post-AA showed that AA down-regulated
12 gene-sets associated with TGF-β1, eight gene-sets associ-
ated with TGF-β2 and nine gene-sets associated with
TGF-β3 in contrast to none up-regulated with any of these
genes. These point to a marked and rapid down-regulation
of TGF-β1/β2/β3-associated gene-sets at the 28-day
post-AA time-point, in contrast to the 3-day post-AA time-
point, where TGF-β2 and TGF-β3 were up-regulated.

Table 1. Individual distal colonic gene expression of key T helper type 17 (Th17) system-associated genes 3 days post-appendicitis–appendectomy

(AA) and 28 days post-AA.

Th17 system gene Function of gene-product (Th17 system-related)

Selected

references

3 days post-AA 28 days post-AA

Fold-change P-value Fold-change P-value

Recruitment factors for Th17 cells

CCR6 ↑ on Th17 cells, IBD association [27,29] – – 0·85 0·145

CCL20 ↑ on inflamed gut mucosa, CCR6-ligand, IBD association [26,30] 0·60‡ 0·028* 0·634‡ 0·023*

Transcription factors involved in Th17 cell development

RORC ↑ Th17 responses via IL-17A and IL-17F, IBD association [11] 0·93 0·443 1·24† 0·037*

STAT1 ↓ Th17 responses [28] 1·41† 0·279 1·47† 0·004*

STAT2 ? – 1·58† 0·053 1·34† 0·065

STAT3 ↑ Th17 responses via IL-17 and RORC, IBD association [27,31] 1·07 0·251 0·98 0·804

Differentiation factors involved in Th17 cell development

TGF-β1 ↑ Th17 differentiation [32] 1·11 0·383 0·89 0·328

TGF-β2 ↑ Th17 differentiation [32] 1·23† 0·002* 0·98 0·768

TGF-β3 ↑ Th17 differentiation [32] 1·40† 0·026* 0·86 0·212

IL-6 ↑ Th17 differentiation [32] 1·21† 0·494 1·00 0·942

IL-21 ↑ Th17 differentiation [33] – – 0·95 0·462

Growth and stabilization for Th17 cell development

IL-23A ↑ Pathogenic potential of Th17 cells [17] 0·97 0·686 1·00 0·876

IL-23R ↑ Pathology via IL-23, IBD association [27,34] – – 1·12 0·385

Effector cytokines expressed by Th17 cells

IL-17A ↑ Pathology [11] 1·11 0·280 1·03 0·617

IL-17B ? – – – 1·06 0·356

IL-17C ? – – – 1·12 0·282

IL-17D ? – 1·14 0·419 1·09 0·298

IL-17F ↑ Pathology [11] 0·89 0·114 1·02 0·778

IL-22 ↓ Pathology via ↑ gut barrier integrity [16] – – 1·08 0·265

The Th17 recruitment factor gene CCL20 was suppressed significantly at both 3 days post-AA and 28 days post-AA. The Th17 cell development

transcription factor genes RORC and STAT1 were up-regulated significantly only at 28 days post-AA, but not at 3 days post-AA. The Th17 cell devel-

opment differentiation factor genes TGF-β1 and TGF-β2 were up-regulated significantly only 3 days post-AA but not later at 28 days post-AA.

However, none of the Th17 system growth/stabilization factors or the effector Th17 system interleukins was modulated at either time-point. SS group:

sham and sham group; AA group: appendicitis and appendectomy group. The 3 days post-AA study used four AA mice versus four SS mice. The 3 days

post-AA study involved three AA mice versus three SS mice. *P-value < 0·05; †fold-change > 1·2; ‡fold-change < 0·7.

R. Cheluvappa et al.

320 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 175: 316–322



There was an up-regulation of the RORC gene at the
latter 28 days post-AA time-point. However, pertaining to
RORC-associated gene-sets elaborated by GSEA analysis
(Table 2), no gene-sets were up-regulated in AA, in contrast
to 12 gene-sets down-regulated by AA. All or a few of these
12 gene-sets enumerated, most of which are transcription-
factor-associated gene cohorts, may contribute towards
suppressing Th17 system activity.

Of special interest to us, 18 STAT3-associated gene-sets
were down-regulated 28 days post-AA in contrast to just
one up-regulated gene-set. STAT3 is associated strongly
with IBD [27].

Cumulatively, the data imply that the Th17 effector
cytokine outflow with its pathogenic potential was kept
under strict check by AA (Fig. 1) via down-regulation Th17
cell-recruitment factor CCL20, and/or down-regulation
(after initial up-regulation) of TGF-β2 and TGF-β3, and/or
down-regulated RORC-associated gene-sets (in spite of
enhanced RORC gene expression), and/or STAT1 up-
regulation, and/or down-regulation of other Th17-
associated gene-sets.

Figure 1 depicts a summary of the key findings in this
study, which need to be ‘functionally confirmed’ with
various Th17-system gene knock-out animal models and

in-vitro studies. However, these would be strictly dependent
upon future funding possibilities.

Previous studies have portrayed the Th17 system as either
a boon or a curse in IBD. In contrast, our novel study pre-
sented in this paper identifies the complex role of Th17
system ‘components’ and associated biological pathways
involved in the protective effect of AA in experimental
colitis. Our study indicates categorically that AA substan-
tially curbs Th17 recruitment, differentiation, activation
and effector interleukin expression, thereby contributing
significantly to suppressing Th17 pathway-mediated
immunopathologial damage as in IBD or experimental
colitis. Elucidating the pathways involved in these changes
will lead to the development of techniques to manipulate
different components of these pathways, resulting in
improved IBD management.
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