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Introduction: Appendicitis is one of the most common causes of acute
abdominal surgery in children. The clinical course of appendicitis ranges from
simple to complex appendicitis. The mechanisms underlying the heterogeneity
of appendicitis in children remain largely unclear. Dysregulated T cell responses
play an important role in several inflammatory diseases of the intestine, but the
extend of T cell dysregulation in appendicitis in children is less well known.

Methods: To characterize appendiceal T cells in simple and complex
appendicitis we performed in-depth immunophenotyping of appendiceal-
derived T cells by flow cytometry and correlated this to appendiceal-derived
microbiota analyses of the same patient.

Results: Appendix samples of twenty children with appendicitis (n = 8 simple, n =
12 complex) were collected. T cells in complex appendicitis displayed an
increased differentiated phenotype compared to simple appendicitis, including
a loss of both CD27 and CD28 by CD4™ T cells and to a lesser extent by CD8* T
cells. Frequencies of phenotypic tissue-resident memory CD69*CD4* T cells
and CD697CD8™ T cells were decreased in children with complex compared to
simple appendicitis, indicating disruption of local tissue-resident immune
responses. In line with the increased differentiated phenotype, cytokine
production of in particular IL-17A by CD4" T cells was increased in children
with complex compared to simple appendicitis. Furthermore, frequencies of IL-
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17A* CD4* T cells correlated with a dysregulation of the appendiceal microbiota
in children with complex appendicitis.

Conclusion: In conclusion, disruption of local T cell responses, and enhanced
pro-inflammatory Thl7 responses correlating to changes in the appendiceal
microbiota were observed in children with complex compared to simple
appendicitis. Further studies are needed to decipher the role of a dysregulated
network of microbiota and Thl7 cells in the development of complex
appendicitis in children.
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Introduction

Appendicitis is the most common inflammatory cause of
emergency abdominal surgery in children (1). Historically,
appendicitis was assumed to be an irreversible disease caused by
intraluminal obstruction with progression into perforation over
time. Nowadays, the pathogenesis of appendicitis is considered to
be more heterogeneous, with changes in microbiota, tissue
perfusion and pro-inflammatory immune responses (2, 3). The
exact underlying mechanisms however remain incompletely
understood. Emerging data suggests that some children develop a
milder appendicitis (phlegmonous i.e., simple appendicitis) which
can be resolved by conservative treatment with antibiotics (3-5),
whereas other children rapidly progress to complex appendicitis
(gangrenous or perforated appendicitis) which often requires
immediate surgery (3, 6). To develop tailored strategies for
children with simple and complex appendicitis, a better
understanding of the underlying inflammatory processes in the
appendix is needed.

The appendix itself extends from the caecum and is enriched in
immune cells resulting in gut-associated lymphoid tissue similar to
Peyer’s patches (7, 8). The appendix is suggested to function as a
safe house for commensal bacteria, which together with the
enrichment of immune cells allows for a critical role of the
appendix in shaping intestinal immune responses under
homeostatic and inflammatory conditions (7, 9-11). Previous
studies suggest that CD4" T cells and CD8" T cells are affected in
the appendix during inflammation and may differ in frequencies
between children with simple and complex appendicitis (12, 13).

Abbreviations: CRP, C-reactive protein; FAFV, phyla of Firmicutes,
Actinobacteria, Fusobacteria and Verrucomicrobia; FSC, forward scatter; IBD,
inflammatory bowel disease; IFN-v, interferon-gamma; IL, interleukin; IS-Pro,
interspace profiling; OTU’s, operational taxonomic units; P/I, phorbol 12-
myristate 13-acetate with ionomycin; RFU, relative fluorescence units; SSC,
side scatter; TNF, tissue necrosis factor; Tem cells, effector memory T cells;
Tem cells, central memory T cells; Tn cells, naive T cells; Tregs, regulatory T cells;

Trm cells, tissue-resident memory T cells.
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Dysregulated T cell responses have been shown to play a critical
role in the development of several other inflammatory diseases: A
decrease in regulatory T cells (Tregs) and increase of Th1/Th17 cells
has been shown to contribute to inflammation in inflammatory
bowel disease (IBD) (14-16). Furthermore, tissue-resident memory
T cells (Trm) play a critical role in protection against pathogens, but
when dysregulated mediate inflammation (17-19). In particular,
enriched populations of Th17 Trm cells have been identified in
patients with active Crohn’s disease (20, 21). Moreover, in the
context of pediatric diseases we have demonstrated that the
expansion of tissue necrosis factor (TNF) producing CD4" T cells
in preterm children can contribute to necrotizing enterocolitis (22).
Taken together, dysregulated T cell responses importantly
contribute to other inflammatory diseases in children, but the
potential role of appendiceal T cells remains largely unclear.

Here, we investigated appendiceal tissues derived from children
with simple and complex appendicitis who underwent an
appendectomy. These analyses showed a disruption of local T cell
responses, and increased frequencies of effector IL-17A-producing
CD4" T cells in the appendix of children with complex compared to
simple appendicitis. Paired microbiota analyses showed that
Proteobacteria were positively correlated with IL-17A production
and Ruminococcus sp. were negatively correlated, indicating a
dysregulated microbiota-T cell network in children with
complex appendicitis.

Materials and methods

Between November 2015 and November 2016, samples were
collected in the context of the study performed at the Amsterdam
University Medical Center (UMC), Amsterdam and at the Red
Cross Hospital, Beverwijk, The Netherlands. The medical ethics
committee of the Amsterdam UMC approved the study, with local
permission granted by the medical board of the Red Cross Hospital,
Beverwijk. Children (0-17 years old) with suspected appendicitis
that underwent an appendectomy were eligible for inclusion.
Written informed consent was obtained from parents/legal
guardians of all children and from children of twelve years and
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older. Children were excluded if a diagnosis other than appendicitis
(such as, but not limited to, inflammatory bowel disease or
malignancy of the appendix) was suspected or confirmed. Use of
prophylactic antibiotics prior to surgery was not an exclusion
criterion as it is standard surgical care for acute appendicitis.

Sample collection

All children underwent open or laparoscopic appendectomy
and received prophylactic antibiotics according to local protocol (~
30 minutes before incision): 1) metronidazole (<12 years 7.5 mg/kg/
dose iv, maximum of 500 mg/dose; =12 years 500 mg/dose iv) in
combination with cephalosporin (cefazolin 30-50 mg/kg/dose,
maximum of 2 g/dose or cefuroxime 50 mg/kg/dose, maximum of
1.5 g/dose), or 2) amoxicillin-clavulanic acid (<40 kg 100/10 mg/kg/
day in 3-4 doses; >40 kg 1000/100 to 2000/200 mg/dose iv) in
combination with gentamicin (7 mg/kg/day). After appendectomy,
the larger tissue part of the appendix was used for routine
histopathologic evaluation. In addition, one cm of the appendix
was used for the study. Half of the tissue collected for the study was
stored at 4°C and immune cells were isolated within 36 hours. The
remaining half of the tissue was stored immediately after surgical
removal at -20°C and used for analysis of appendiceal microbiota.

Clinical and histology classification

Samples of the appendix of twenty children with confirmed
appendicitis were obtained for immunological analysis. To classify
the cases in simple and complex appendicitis, two authors, both
blinded for immunological and microbiota results, performed the
classification of the patients using predefined intraoperative and
histopathological data. Simple (i.e., uncomplicated) appendicitis
was defined as phlegmonous appendicitis without signs of
complexity, and complex appendicitis as gangrenous or
perforated appendicitis, with signs of excessive ulceration or
necrosis, with or without abscess formation. In case of
disagreement, a third author was consulted to reach a final decision.

Cell isolation

Mononuclear cells were isolated from tissue as previously
described (22, 23). Briefly, the tissue size was measured and split
into a mucosal and muscular layer with scissors. The epithelial cells
were then separated from the mucosa by incubation with a mixture
of Iscove’s Dulbecco’s Medium (IMDM; Lonza; Cat# BE12-722F),
1% Fetal Bovine Serum (FBS; Biological Industries; Cat# 04-007),
5mM ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich;
Cat#03690; CAS: 60-00-4), 2mM 1,4-dithiothreitol (DTT; Sigma-
Aldrich; Cat# D8255; CAS: 6892-68-8) and 200 U/ml DNAse type I
(Roche; Cat# 10104159001). Isolation of cells from the lamina
propria and muscular layer was performed through enzymatic
digestion. In short, each layer was minced and incubated with a
10 ml Collagenase D mixture: IMDM (Lonza), 1 mg/ml (0.15 U/g)
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Collagenase D (Roche; Cat# 11088866001; EC: 3.4.24.3), FBS
(Biological Industries) and 1000 U/ml DNAse type 1 (Roche).
Cells harvested from the three layers were filtered through a 70
um cell strainer (Falcon, Corning; Cat# 352350) to obtain a single
cell suspension.

Then, to retrieve a mononuclear cell fraction from the separate
single cell suspensions, density gradient separation was performed.
All cell suspensions were dissolved in 10 ml Hank’s Balanced Salt
Solution (HBSS) (Lonza; Cat# BE10-543F) and layered on a
Lymphoprep (Axis-Shield; Cat# 1114547) gradient for the
epithelial cells and a custom Percoll gradient (Sigma-Aldrich;
Cat# GE17-0891-01) for the cells of the lamina propria and
muscular layer. Samples were then centrifuged and interphases
containing mononuclear cells were collected. The counting of viable
cells was performed with 10 ul trypan blue staining (Sigma-Aldrich;
Cat# T8154; CAS: 72-57-1) in a Biirker chamber.

T cell characterization using
flow cytometry

Mononuclear cells were incubated with their respective
antibody mixes for thirty minutes in the dark at 4°C, and washed
and fixated using 1X stabilizing fixative (Thermo Fisher Scientific;
Cat# 00-5123-43) as previously described (22, 23). Staining was
performed using antibodies directed against (all anti-human) CD45
(FITC; HI30; Thermo Fisher Scientific, Cat# 11-0459-42; RRID:
AB_10852703), CD45 (BV711; HI30; Biolegend; Cat# 304049;
RRID: AB_2563465), CD3 (V500; UCHT1; BD Biosciences; Cat#
561416; RRID: AB_10612021), CD4 (BUV737; SK3; BD
Biosciences; Cat# 564305; RRID: AB_2713927), CD8a (BV785;
RPA-T8; Biolegend; Cat# 301045; RRID: AB_11219195),
CD45RA (BV650; HI100; BD Biosciences; Cat# 563963; RRID:
AB_2738514), CCR7 (BUV395; 150503; BD Biosciences; Cat#
563977; RRID: AB_2738519), CD27 (APC-eFluor780; 0323;
Thermo Fisher Scientific, Cat# 47-0279-42; RRID: AB_1272040)
CD28 (PE; 28.2; Thermo Fisher Scientific, Cat# 12-0289-42; RRID:
AB_2016668), CD103 (PerCP-eFluor710; BerACTS8; Thermo Fisher
Scientific; Cat# 46-1037-41; RRID: AB_11039409), CD25 (APC;
BC96; Thermo Fisher Scientific; Cat# 17-0259-41; RRID:
AB_1582220), CD69 (BV421; FN50; BD Biosciences; Cat#
562883; RRID: AB_2737863) and CDI127 (PE-Cy7;eBioRDR5;
Thermo Fisher Scientific; Cat# 25-1278-41; RRID: AB_1659675).
Live/Dead viability dye (Fixable Red; Invitrogen; Cat# 1.23102) was
used to assess cell viability. Flow cytometry was performed within
24 hours work-up of individual samples using a LSR Fortessa Flow
Cytometer (BD Biosciences). Ultracomp eBeads (Thermo Fisher
Scientific; Cat# 01-2222-42) were used to correct for spectral
overlap. The flowcytometry data was analyzed with Flowjo
software (Treestar; Version V10.5.0; RRID: SCR_008520).

Cytokine production by T cells

To determine cytokine production of T cells, the cells from the cell
suspensions were resuspended in IMDM (with 10% FBS, 50 ug/ml
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Gentamicin (Gibco; Cat# 15710-049) and 60 uM 2-mercaptoethanol
(Sigma-Aldrich; Cat# 516732; CAS: 60-24-2)). Half of the cells were
stimulated with 10 ng/ml phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich; Cat# P8139; CAS: 16561-29-8) and 1 ug/ml
ionomycin (io;Sigma-Aldrich; Cat# 10634; CAS: 56092-82-1) (P/I-
stimulation), and the other half left untreated as control
(unstimulated). After one hour (of stimulation), 7 ug/ml Brefeldin
A (Invitrogen; Cat# B7651; CAS: 20350-15-6) was added followed by
an additional 12-14 hours of stimulation at 37°C and 5% CO2. Surface
staining of the samples was similarly performed as described in the
previous paragraph and antibodies directed against Live-dead (Fixable
Red;Invitrogen; Cat# 123102), CD45 (BV711; HI30; Biolegend; Cat#
304049; RRID: AB_2563465), CD45 (BV421; HI30; BD Biosciences;
Cat# 563879, RRID : AB_2744402), CD3 (V500; UCHT1; BD
Biosciences; Cat# 561416; RRID: AB_10612021), CD4 (BUV737;
SK3; BD Biosciences; Cat# 564305; RRID: AB_2713927), CD8a
(BV785; RPA-TS8; Biolegend; Cat# 301045 RRID: AB_11219195)
were used, followed by intracellular staining. To this end, cells were
washed and fixated with 1X Fixation/Permeabilization reagent
(Thermo Fisher Scientific; Cat# 00-5123-43) for 15 minutes, then
resuspended in Permeabilization Buffer (Thermo Fisher Scientific;
Cat# 00-8333-56) and incubated for thirty minutes with antibodies in
the dark at 4°C. Intracellular antibodies (all anti-human) directed
against TNF (BUV395; Mabl11; BD Biosciences; Cat# 563996; RRID:
AB_2738533), IFN-y (FITC; 4S.B3; Thermo Fisher Scientific; Cat# 11-
7319-82; RRID: AB_465415), IL-17A (APC-eFluor780;
eBio64DEC17; Thermo Fisher Scientific; Cat# 47-7179-42; RRID:
AB_11043559) and IL-2 (BV421; 5344.111; BD Biosciences; Cat#
562914; RRID: AB_2737888) were used. Flow cytometry analyses
were performed as described above. T cell viability after 12-14 hours
incubation in unstimulated condition (+ Brefeldin A only) was similar
to conditions with PMA/Ionomycin stimulation (+ Brefeldin A) (data
not shown). For the analyses of CD4"™ T cells after P/I stimulation,
cells were identified as CD3"CD8 CD4"" as P/I-stimulation
downregulates the expression of CD4. CD8" T cells were identified
as CD3*CD8*CD4™ (23).

Microbiota analysis

The appendices used for T cell analyses above were also
analyzed for their local microbial composition of the appendix
(24). Combining the data of T cell immunophenotyping and
microbiome analyses in the same patient allowed for unique
paired analyses of T cells and microbiota. In brief, microbiota
analysis was performed using IS-pro, based on 16S-23S rDNA
interspace region analysis, performed by InBiome, Amsterdam,
The Netherlands (25). After isolation and amplification assays
(GeneAmp PCR system 9700), bacteria were classified into the
three main phyla: Firmicutes, Actinobacteria, Fusobacteria and
Verrucomicrobia (FAFV); Bacteroidetes; and Proteobacteria.

The obtained IS-profiles led to the identification of species
(using their length of 16S-23S rDNA regions reflected by
taxonomic units or OTU’s) and their relative abundance (by
relative fluorescence units; RFU’s). For the purpose of this study
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overall abundance of the three main phyla and several abundant
species, as identified previously, were compared (using their REFU’s)
to the production of interleukins by appendiceal CD4" T cells of
patients (24). Evaluation of concomitant enteric infections is not
included in the standard diagnostic work-up in children suspected
of appendicitis, nor is it routinely investigated perioperative in
children with confirmed diagnosis of appendicitis.

Statistical analyses

Graphpad Prism was used to perform statistical analyses and
visualization (Graphpad Software; Version 8; RRID : SCR_002798).
Fisher’s exact test was used for dichotomous variables and Student’s
T test, Mann-Whitney U test and ANOVA test were used where
appropriate for continuous variables. For the correlation of
microbiota analysis with interleukin production, Spearmann
correlations were performed. Statistical significance for all
analyses was determined as o < 0.05.

Results

Appendiceal tissue samples were obtained from twenty children
with a confirmed diagnosis of appendicitis: Simple appendicitis, n =
8 (40%) and complex appendicitis n = 12 (60%). Of 18 children
enough viable cells were detected in final analyses of T cells.
Baseline characteristics are listed in Table 1. C-reactive protein
(CRP) and blood leukocyte count were significantly higher in
children with complex compared to simple appendicitis.

Mucosal cytopenia in the appendix of
children with complex appendicitis

Macroscopic analyses of the twenty tissue samples identified
distinct features of necrosis, hemorrhage and/or perforation in
complex compared to simple appendicitis (Figure SI). Absolute
counts of viable mononuclear (CD45") cells were determined and
an overall significant decrease of mononuclear cells was observed in
all individual layers of the appendix of children with complex
compared to simple appendicitis (Figures 1A, B). Further
immune phenotyping showed that this affected T cells (CD3") in
all individual layers (epithelium simple appendicitis median
440x10° cm™, IQR 290-660x10° cells cm™ versus complex
appendicitis 14x10> cm™, IQR 6.6-75x10° cm™% lamina propria
1200x10° cm™, IQR 520-1900x10° cm™ versus 64x10° cm™, IQR
13-180x10° cm™2 cells cm™?; muscular layer 120x10° cm™, IQR 97-
230x10° cm™ versus 9.5 x10° cm, IQR 3.8-51 x10° cm’z)
(Figures 1A, B). Analyses of CD4" and CD8" T cells showed a
trend towards reduced frequencies of CD4" T cells in complex
compared to simple appendicitis, but this did not reach significance
(Figures 1C, D). In sum, the appendix of children with complex
appendicitis showed cytopenia, with specifically reduced absolute
numbers of T cells compared to simple appendicitis.
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TABLE 1 Baseline characteristics of children with simple and complex appendicitis.

All Simple Complex P-value

Number of patients 20 8 12

Age, years 11 [1-16] 10 [7-16] 12 [1-16] 0.58
Biological female sex 11 (55) 5 (63) 6 (50) 0.67
Days of abdominal pain 1[1-8] 1[1-4] 2 [1-8] 0.40
Temperature, °C 37.6 [36.0-40.0] 36.8 [36.3-37.9] 37.9 [36.0-40.0] 0.09
C-reactive protein, mg/L 25 [7-139] 18 [11-42] 54 [7-139] 0.03
Leukocyte count, x10°/L 16.0 [6.6-25.5] 11.0 [6.6-21.0] 17.2 [11.8-25.5] 0.02

Results are presented as median with [range min-max], except for sex which is presented as number of patients and (%). All Mann-Whitney U comparisons, except for sex which is evaluated with

Fisher’s Exact.

Increased frequencies of differentiated
CD4* T cells and CD8™ T cells in the
appendix of children with

complex appendicitis

Differentiated effector T cells are known potent producers of
cytokines and contribute to inflammation (26, 27). In all tissue layers

of the appendix combined, a trend towards decreased frequencies of
naive CD4" T cells (Tn; CCR7"'CD45RA™) was observed in children
with complex compared to simple appendicitis (Figures 2A, B). In line,
a trend towards increased frequencies of effecter memory CD4" T cells
(Tem; CCR7 CD45RA") was observed in all layers of the appendix
combined in children with complex compared to simple appendicitis.
The CD8" T cell compartment was similarly affected with a decrease of
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FIGURE 1

Disease severity is associated with a decrease of CD45" viable cells and specifically T cells in complex appendicitis in children. (A) Gating strategy to
determine intestinal CD45" viable single cells and T cells (CD3" cells). (B) Absolute cells count per cm? of CD45" viable single cells and T cells in the
epithelium (E), lamina propria (L) and muscular (M) layers. (C) Identification of CD4 and CD8 expressing CD3" T cells. (D) Frequencies (%) of CD4* T
cells and CD8" T cells in all tissue layers. (B, D) represent appendiceal epithelium (simple appendicitis n = 8 and complex appendicitis n = 9), lamina
propria (simple appendicitis n = 7 and complex appendicitis n = 7) and muscular layer (simple appendicitis n = 4 and complex appendicitis n = 8).
Representative flow cytometric plots are shown. Errors bars represent median percentage with + interquartile range (IQR). All Mann-Whitney U

comparisons. *P <.05, **P <.01, ***P <.001.
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Disease severity is associated with an increased effector phenotype in CD4* T cells and CD8" T cells in appendicitis in children. (A) Gating strategy
used to determine CCR7 and CD45RA expression on CD4* T cells and CD8" T cells. (B) Frequencies (%) of CD4" Tn cells: naive (CCR7* CD45RA");
Tem cells: central memory (CCR7* CD45RA"); and Tem cells: effector memory (CCR7- CD45RA") in epithelium (E), lamina propria (L) and muscular
(M) layers. (C) Frequencies (%) of CD8" Tn cells: naive (CCR7* CD45RA"); Tcm cells: central memory (CCR7* CD45RA); and Tem cells: effector
memory (CCR7” CD45RA*"") in all three tissue layers. (D) CD27 and CD28 expression by CD4* T cells and CD8" Tem cells. (E) Frequencies (%) of
CD27 and CD28-expression by CD4"* Tem cells in all three tissue layers. (F) Frequencies (%) of CD27 and CD28 expression by CD8* Tem cells in all
three tissue layers. (B, C, E, F) represent appendiceal epithelium (simple appendicitis n = 8 and complex appendicitis n = 9), lamina propria (simple

appendicitis n = 7 and complex appendicitis n = 7) and muscular layer (simple appendicitis n = 4 and complex appendicitis n = 8).

In (F) n = 8 for

Tem cells in complex appendicitis in the epithelium due to lack of cells (<50) for subset gating. Representative flow cytometric plots are shown.
Errors bars represent median percentage with + interquartile range (IQR). All two-way ANOVA comparisons with Bonferroni correction. *P <.05.

CD8" Tn cells (CCR7"CD45RA™) and a trend towards increased CD8*
Tem cells (CCR7 CD45RA™") in all layers of the appendix combined
in children with complex appendicitis (Figures 2A, C).

Assessment of CD27 and CD28 on T cell populations in the
appendix revealed that CD4" Tem cells had reduced CD27
expression in all layers of the appendix combined in children
with complex compared to simple appendicitis (epithelium simple
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appendicitis median 87%, IQR 85-91% versus complex appendicitis
median 79%, IQR 77-81%; lamina propria median 86%, IQR 83-
88% versus median 72%, IQR 67-82%; muscular layer median 76%,
IQR 69-80% versus median 68%, IQR 65-75%). And to a lesser
extent, CD4" Tem cells had a reduced expression of CD28 in all
layers of the appendix combined in children with complex
appendicitis (Figures 2D, E). In the CD8" T cell compartment, a
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trend towards a reduced CD28 expression on CD8" Tem cells was
observed in all layers of the appendix combined of children with
complex compared to simple appendicitis (epithelium simple
appendicitis median 81%, IQR 77-83% versus complex
appendicitis median 71%, IQR 51-74%; lamina propria median
77%, IQR 66-77% versus median 66%, IQR 58-72%; muscular
layer median 74%, IQR 64-78% versus median 52%, IQR 49-68%)
(Figures 2D, F). These findings indicate that T cells in the appendix,
including CD4" Tem cells specifically, exhibit an increased
differentiation status in children with complex appendicitis.

CD69°CD4* Tem cells and CD69"CD8™
Tem cells are reduced in the appendix of
children with complex appendicitis

Tissue-resident memory T cells (Trm) that express CD69 and/
or CD103 are a hallmark of physiological immunity against
pathogens and support the maintenance of a healthy mucosal
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barrier (18, 28). At the same time, dysregulation of Trms can
contribute to inflammation (20, 21). CD4" Trm cells (CCR7"
CD45RA'CD69") were decreased in all layers of the appendix
combined in children with complex compared to simple
appendicitis (epithelium simple appendicitis median 44%, IQR
37-51% versus complex appendicitis median 17%, IQR 8-36%;
lamina propria median 58%, IQR 47-61% versus median 15%,
IQR 7-33%; muscular layer median 42%, IQR 32-50% versus
median 5%, IQR 2-16%) (Figures 3A, B). Similarly, CD8" Trm
cells (CCR7 CD45RA™"CD69") were decreased in all layers of the
appendix combined in children with complex compared to simple
appendicitis (epithelium simple appendicitis median 18%, IQR 12-
21% versus complex appendicitis median 10%, IQR 3-27%; lamina
propria median 34%, IQR 29-45% versus median 11%, IQR 9-32%;
muscular layer median 25%, IQR 19-26% versus median 6%, IQR 4-
11%) (Figures 3A, C). In addition, a trend towards a decreased
expression of CD103 on CD8" Tem cells was demonstrated in all
layers of the appendix combined of children with complex
compared to simple appendicitis (Figures 3A, D). Taken together,
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Severity of appendicitis is associated with a decrease of Trm CD4* T cells and Trm CD8" T cells. (A) CD69 and CD103 expression on CD4* and
CD8" T cells. (B) Frequencies (%) of CD69 expression by CD4" T cells and CD4" effector memory T cells (Tem cells) in the epithelium (E), lamina
propria (L) and muscular (M) layers. (C) Frequencies (%) of CD69* CD8" T cells and CD69* CD8" Tem cells in all three tissue layers. (D) Frequencies

(%) of CD103" CD8* T cells and CD103* CD8* Tem cells in all three tissue

layers. (B=D) represent appendiceal epithelium (simple appendicitis n = 8

and complex appendicitis n = 9), lamina propria (simple appendicitis n = 7 and complex appendicitis n = 7) and muscular layers (simple appendicitis
n = 4 and complex appendicitis n = 8). In (C, D) n = 8 for epithelial Tem cells in complex appendicitis due to lack of cells (<50) for subset gating.
Representative flow cytometric plots are shown. Errors bars represent median percentage with + interquartile range (IQR). All two-way ANOVA

comparisons with Bonferroni correction. *P<.05, **P<.01 and ****P<.0001.
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complex appendicitis is characterized by an overall loss of T cells
and in particular a decrease in the frequencies of Trm cells in
the appendix.

Increased IL-17A production by
appendiceal epithelial CD4* T cells in
children with complex appendicitis

Skewing of T helper responses and cytokine production is a feature
of several other intestinal inflammatory diseases (14, 16, 22, 29, 30). IL-
17A production of epithelial CD4™ T cells derived from the appendix of
children with complex compared to simple appendicitis was increased
upon P/I-stimulation (Figures 4A, B). Furthermore, a trend towards an
increased production of interferon-gamma (IFN-y) was observed from
appendiceal epithelial CD4" T cells of children with complex
appendicitis. In addition, IL-17A co-production with TNF and IL-2
by appendiceal epithelial CD4" T upon P/I stimulation was increased
in children with complex appendicitis (Figures 4A, C). At the same
time, similar frequencies of CD4" Tregs (CCR7 CD45RA"
CD127°"CD25") were found in all layers of the appendix combined
of children with simple and complex appendicitis (epithelium simple
appendicitis median 5%, IQR 5-10% versus complex appendicitis
median 10%, IQR 7-12%; lamina propria median 8%, IQR 5-9%
versus median 10%, IQR 6-11%; muscular layer median 5%, IQR 4-
6% versus median 6%, IQR 4-8%) (Figures 5A, B). Taken together,
these findings demonstrate an increase of epithelial Th17 cells in the
appendix of children with complex compared to simple appendicitis,
whereas regulatory responses remain relatively unchanged under these
inflammatory conditions.

Th17 responses in complex appendicitis are
associated with specific microbiota

Microbes can drive T helper polarization, and in particular
Th17 responses (31, 32). Our group recently showed that complex
appendicitis is associated with compositional changes in microbiota
compared to simple appendicitis (24). Using this unique data from
the same cohort, we assessed whether IL-17A-production was
associated with the three main phyla of bacteria. A positive
correlation was detected between Proteobacteria and IL-17A
production by appendiceal epithelial CD4" T cells (R = 0.7414, P
= 0.019), whereas there was no significant correlation with the
phylum of Bacteroidetes or FAFV (Firmicutes, Actinobacteria,
Fusobacteria and Verrucomicrobia) (R = -0.1846, P = 0.6078; and
R = 0.2646, P = 0.4555 respectively) (Figure 6A). Next, we
determined whether IL-17A production was associated with
specific species that were abundant in the appendix, including
Escherichia coli, Bacteroides fragilis and Ruminococcus sp. Of
these, Ruminococcus sp. were negatively correlated with IL-17A
production by epithelial CD4" T cells (R = -0.0741, P = 0.0293).
And, although higher quantities of both Escherichia coli and
Bacteroides fragilis were detected in children with increased IL-
17A production, this association did not reach significance
(Figure 6B). Taking into account the limited number of samples,
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these data suggest that the microbial composition is associated with
IL-17A production by epithelial CD4" T cells in the appendix.

Discussion

Here, we performed an in-depth analysis of appendiceal T cells
in children with simple and complex appendicitis. Appendiceal
CDA4" T cell populations in children with complex appendicitis were
characterized by a decrease of molecules mediating tissue-residency
and an increase of IL-17A production compared to children with
simple appendicitis. Specifically, frequencies of dual cytokine
producing Th17 cells were increased in the appendix of children
with complex appendicitis. Furthermore, enrichment of
Proteobacteria positively correlated to IL-17A" CD4" T cells,
whereas Ruminococcus sp. negatively correlated with IL-17A"
CD4" T cells in children with appendicitis. Taken together, these
findings demonstrate a disruption of local T cells with a decrease of
frequencies of tissue-resident memory T cells and increased Th17
responses in the appendix of children with complex compared to
simple appendicitis, which were associated with intestinal
microbial changes.

CD4" Trm and CD8" Trm cells (expressing CD69 and/or
CD103) provide critical protection against pathogens (17, 18). But
when dysregulated they can also contribute to intestinal
inflammation (14, 16, 20-22). A lower percentage of appendiceal
phenotypic Trms was detected in children with complex compared
to simple appendicitis which may indicate a reduced protection
against local microbes that can mediate inflammation in complex
appendicitis. Although the decrease in absolute numbers of T cells
in complex compared to simple appendicitis suggests a loss of Trms,
based on these cross-sectional data, we cannot exclude that the
change in percentage of CD69" T cells is due to an influx of
infiltrating T cells. Further studies are needed to assess the fate of
Trms in simple and complex appendicitis.

Increased frequencies of IL-17A™ CD4" T cells were observed in
the epithelium of the appendix of children with complex appendicitis
compared to simple appendicitis. IL-17 is a known key mediator of
recruitment and activation of neutrophils during inflammation (33,
34) and in line we have previously reported increased numbers of
neutrophils in complex appendicitis (13). Moreover, appendiceal
Treg frequencies remained similar between complex and simple
appendicitis. Thus, in complex appendicitis, production of IL-17A
together with co-production with TNF and IL-2 by CD4" T cells was
increased, enhancing local inflammation. This augmented pro-
inflammatory activity of CD4" T cells in complex appendicitis is in
line with the reduced expression of CD27 and CD28 indicating an
increased effector phenotype of CD4" T cells in the appendix of
children with complex compared to simple appendicitis. CD4" Tem
cells with reduced expression of CD27 and CD28 have cytolytic
capacities mimicking cytotoxic CD8" T cells (35, 36). Moreover,
CD27 and CD28 downregulation on CD4" T cells has been
previously associated with other intestinal inflammatory diseases
such as Crohn’s Disease (37).

Although there is increasing evidence that simple appendicitis
can be treated with antibiotics and may not require surgical
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FIGURE 4

Severity of appendicitis is associated with increase of IL-17A-producing CD4* T cells. (A) IL-17A, TNF, IFN-y and IL-2 production in epithelial CD4* T
cells after P/I-stimulation. (B) Frequencies (%) of IL-17A, TNF, IFN-y and IL-2 producing epithelial CD4" T cells. (C) Frequencies (%) of cytokine co-
production (IL-17A with TNF, IFN-y or IL-2) by epithelial CD4* T cells. (B, C) represent n = 5 for simple appendicitis and n = 5 for complex
appendicitis in appendiceal epithelium, except for IL-2 where n = 4 for simple appendicitis. Representative flow cytometric plots are shown. Errors
bars represent median percentage with + interquartile range (IQR). All Mann-Whitney U comparisons. *P <.05 and **P <.01.

intervention, identification of children with simple or complex
appendicitis remains challenging (3-5). A biomarker derived from
blood would provide a helpful instrument to aid the classification
of appendicitis and identify children at risk for complex
appendicitis requiring surgical intervention. To this end,
previous studies analyzed immune parameters in peripheral
blood samples of children with appendicitis: Peeters et al.
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detected in particular increased plasma levels of IL-6 in
complicated (complex) compared to uncomplicated (simple)
appendicitis. In support of these data Ruber et al. also detected
increased levels of IL-6, IL-17, CCL2, MMP-8 and MMP-9 in
gangrenous (complex) compared to phlegmonous (simple)
appendicitis (38, 39). IL-6 and IL-1B are the main cytokines
instructing Th17 cell polarization (40-42). These findings based
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Comparable frequencies of CD4* Tregs in simple and complex appendicitis. (A) CD25 and CD127 expression by CD4* T cells and CD4* Tem cells.
(B) Frequencies (%) of CD127°“CD25" within CD4* T cells and CD4* Tem cells (Tregs) in the epithelium (E) (simple appendicitis n = 8 and complex
appendicitis n = 9), lamina propria (L) (simple appendicitis n = 7 and complex appendicitis n = 7) and muscular (M) layers (simple appendicitis n = 4
and complex appendicitis n = 8). Representative flow cytometric plots are shown. Errors bars represent median percentage with + interquartile
range (IQR). Two-way ANOVA comparison with Bonferroni correction showed no significant difference in Tregs between simple and

complex appendicitis.

on analyses of blood suggested that Th17 cells may play an
important role in complex appendicitis. However, analyses of
appendiceal tissues were lacking in these studies. The findings
presented here address this knowledge gap and demonstrate an

increased appendiceal (pathogenic) Th17 response in children
with complex appendicitis, which corresponds to these previously
observed blood-derived cytokine profiles. Peripheral blood
samples were not collected within the same patient in this study
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FIGURE 6

Association of IL-17A production by CD4" T cells with bacterial load (intensity). (A) Three main phyla of bacteria: Bacteroidetes, FAFV (Firmicutes,
Actinobacteria, Fusobacteria and Verrucobacteria) and Proteobacteria. (B) Representation of three species found relatively abundant in the appendix:
Bacteroides fragilis (phylum of Bacteroidetes), Ruminococcus sp (phylum of Firmicutes) and Escherichia coli (phylum of Proteobacteria). For both
(A) and (B), figures represent correlation of frequency (%) of IL-17A production by CD4* T cells on x-axis with bacterial load (sum intensity in relative
fluorescence units) on y-axis. Children with simple appendicitis (n = 5) are represented by white dots, children with complex appendicitis (n = 5) are

represented by black dots. All Spearman correlations, *P<.05.
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to minimize the invasive procedures for children. Therefore, a
correlation between plasma levels of IL-6, IL-1f, IL-17 and Th17
cells in the appendix was unfortunately not possible. In sum, the
findings presented here together with data from previous studies
suggest that aberrant Th17 responses are increased in complex
appendicitis and plasma levels of IL-17A and IL-6 may offer
potential biomarkers that should be investigated in future studies.

Dysregulation of the interplay between the microbiota and local
tissue-resident immune responses underlies a variety of
inflammatory diseases (11, 43, 44). Integration of previously
published data characterizing the appendiceal microbiota in
patients with appendicitis (24) with the above described
immunophenotypic data, allowed to perform unique intra-patient
analyses of intestinal microbiota and intestinal T cell analyses from
the same location. The phylum of Proteobacteria positively
correlated with IL-17A production by CD4" T cells, whereas a
negative correlation was observed with Ruminococcus spp. An
increase of the phylum of Proteobacteria has been previously
linked to disease severity in patients with Crohn’s disease (45).
And although a direct correlation of IL-17A* CD4" T cells with
Escherichia coli was not detected, Escherichia coli, a member of the
phylum of Proteobacteria, and several of its strains have been shown
to promote Th17-responses and inflammation (46). Although some
studies have suggested a role of Ruminococcus sp. in tolerance (47),
functional studies are needed to decipher microbe specific effects.
Controlled in vivo experiments can help to next identify the role of
specific microbiota in shaping local appendiceal T cell functionality
and tissue inflammation in appendicitis models.

Further limiting the interpretation of the results is the relatively
small sample size, and conclusions, specifically on IL-17A
correlations with bacteria, should be interpreted with caution.
Especially, as analyses of the effects of potential confounding
factors, such as antibiotic regimes or age, could not be performed
due to the small sample size. Of note, our group previously
published analyses comparing appendiceal and rectal swab-
derived microbiota in children with simple and complex
appendicitis in a larger cohort, however without Thl7 cells
analyses (24, 48). In children with complex appendicitis the
appendiceal microbiota was increased in terms of both diversity
and intensity compared to simple appendicitis; and a greater
similarity was observed between the appendiceal microbiota and
microbiota analyzed with rectal swabs within children with complex
compared to simple appendicitis; However, the power to distinguish
between simple and complex appendicitis based on microbiota
analyses from rectal swabs was unfortunately low. Importantly,
specific antibiotic regimes did not seem to impact the microbiota.
Presumably as the antibiotics were administered shortly before
incision (24, 48). Nevertheless, we cannot exclude that the used
antibiotics may have affected the local microbiota. This
consideration should be kept in mind when interpreting results of
the current study and it emphasizes the need for precise microbiota
studies in animal appendicitis models.

In conclusion, findings of this study demonstrate disruption of
local T cell responses in the appendix of children with complex
compared to simple appendicitis, characterized by a decrease in
frequencies of Trms and increased pathogenic Th17 responses
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associated with specific microbiota alterations. They provide a
deeper understanding of immune dysregulation in complex
appendicitis and identify Th17 responses as a potential critical
modulator, which needs to be further investigated to develop
diagnostic tools for the identification of children at risk for
complex appendicitis and select optimal treatment strategies.
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