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Elevated levels of leukotriene C, synthase mRNA distinguish

a subpopulation of eosinophilic oesophagitis patients
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Summary

Background Cysteinyl leukotrienes contribute to Th2-type inflammatory immune
responses. Their levels in oesophageal tissue, however, do not distinguish patients with
eosinophilic oesophagitis (EoE) from controls.

Objective We asked whether mRNA levels of leukotriene C, synthase (LTC,S), a key
regulator of leukotriene production, could serve as a marker for EoE.

Methods Digital mRNA expression profiling (nCounter® Technology) was performed on
proximal and distal oesophageal biopsies of 30 paediatric EoE patients and 40 non-EoE
controls. Expression data were confirmed with RT-qgPCR. LTC,S mRNA levels were quanti-
fied in whole blood samples. Leukotriene E, was measured in urine.

Results LTC,S mRNA levels were elevated in proximal (2.6-fold, P < 0.001) and distal
(2.9-fold, P < 0.001) oesophageal biopsies from EoE patients. Importantly, increased
LTC,S mRNA transcripts identified a subpopulation of EoE patients (28%). This patient
subgroup had higher serum IgE levels (669 U/mL vs. 106 U/mL, P = 0.01), higher mRNA
transcript numbers of thymic stromal lymphopoietin (TSLP) (1.6-fold, P = 0.009) and CD4
(1.4-fold, P = 0.04) but lower IL-23 mRNA levels (0.5-fold, P = 0.04). In contrast, elevated
levels of IL-23 mRNA were found in oesophageal biopsies of patients with reflux oesoph-
agitis. LTC,S mRNA transcripts in whole blood and urinary excretion of leukotriene E,
were similar in EoE patient subgroups and non-EoE patients.

Conclusion & Clinical Relevance Elevated oesophageal expression of LTC,S mRNA is
found in a subgroup of EoE patients, concomitant with higher serum IgE levels and an
oesophageal transcriptome indicative of a more-pronounced allergic phenotype. Together
with TSLP and IL-23 mRNA levels, oesophageal LTC,S mRNA may facilitate diagnosis of
an EoE subpopulation for personalized therapy.
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reflux oesophagitis, Th2 immune response
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Introduction

disorder is strongly allergen-driven [3-5] and comor-
bidity with concurrent allergic diatheses ranges from

Eosinophilic oesophagitis (EoE) is commonly considered
a Th2-type allergic disease of the oesophagus [1]. As a
clinicopathological entity, EoE is characterized by
eosinophil-rich, chronic inflammation of the oesopha-
gus with symptoms of oesophageal dysfunction [2]. The
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42% to 93% for paediatric and 28-86% for adult
patients [2]. Like other Th2-type allergies, elevated
serum levels of IgE are commonly encountered in EoE
patients and identify allergen-sensitized individuals.
However, up to 50% of EoE patients have normal serum
IgE levels without evidence of prior allergic sensitiza-
tion [2, 5-7]. The extent to which IgE contributes to
EoE pathogenesis is therefore not yet fully understood.
mRNA expression analysis of oesophageal tissue
demonstrated that IgE is produced locally in the
oesophagus of EoE patients, independent of the
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patient’s allergic status [8]. Furthermore, the EoE-
specific tissue transcriptome fails to distinguish allergic
from non-allergic EoE, as increased levels of eotaxin-3
and IL-13 mRNA, signifying Th2-mediated inflamma-
tion, are found in all EoE patients [9, 10]. Thus, our
understanding about the difference between allergic
and non-allergic EoE at the site of local pathology is
similarly incomplete and characteristics that distinguish
allergic EoE at the tissue level remain to be identified.

Leukotrienes are arachidonic acid metabolites and
inflammatory mediators of Th2-type allergies. All leu-
kotrienes are products of the 5-lipoxygenase (5-LO)
pathway, which generates leukotriene A, (LTA,) from
arachidonic acid by phospholipase A,. LTA, is rapidly
converted into either leukotriene B, (LTB,) by LTA,
hydrolase, or, in the presence of the enzyme leukotriene
C,4 synthase (LTC,S) and glutathione, into leukotriene C,
(LTC,), which opens the synthetic pathway for the addi-
tional cysteinyl leukotrienes LTD, and LTE, [11-13].
LTC,S thus functions as the gatekeeper of cysteinyl leu-
kotriene synthesis, which in turn enhances Th2-type
inflammation [11].

Despite the contribution of leukotrienes to allergic tis-
sue inflammation, oesophageal levels of cysteinyl leuko-
trienes do not differentiate EoE patients from controls
[14]. Nevertheless, a number of case series have ascribed
therapeutic benefit to the application of leukotriene
receptor antagonists in EoE patients [15-18]. We hypoth-
esized that mRNA levels of the regulator enzyme LTC,S,
rather than metabolites of the pathway, could serve as a
marker to identify oesophageal biopsies of EoE patients
from patients suffering from other inflammatory diseases
of the oesophagus. Here, we describe that elevated
oesophageal LTC,S mRNA levels can be used to identify
a subpopulation of EoE patients and that this patient
subgroup shows a more-pronounced allergic phenotype.

Materials and methods

Patients

Patient material was obtained during an ongoing pro-
spective study on the pathophysiology of EoE at Boston
Children’s Hospital [19-22]. All children 1-18 years of
age whose clinical presentation raised the suspicion of
EoE (e.g. dysphagia, feeding intolerance, food aversion,
failure to thrive or regurgitation) and who were conse-
quently scheduled to undergo diagnostic upper oeso-
phagogastroduodenoscopy were invited to participate.
Serum, two oesophageal biopsies, whole blood and urine
samples were collected at the time of the first diagnostic
endoscopy, which was performed after patients had
received proton pump inhibition (PPI) for a minimum of
4 weeks (10-40 mg once or twice a day, depending on
body weight and symptoms). Information on the subject’s
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past medical history was obtained through a
questionnaire. Total IgE levels were assessed in collected
serum samples by the hospital laboratory using standard-
ized methods as previously described [19]. Standardized
allergic testing in the form of radioallergosorbent test
(RAST), skin prick testing or antigen-specific IgE levels
was not performed in this study. A majority (72%) of EoE
patients underwent RAST testing before or after inclusion
as part of their diagnostic workup and these results were
retrieved from chart review. This study was approved by
the Investigational Review Board of Boston Children’s
Hospital (Harvard Medical School, Boston, MA, approval
number: 07-11-0460). Patients or their legal guardians
provided written informed consent.

Patients were classified according to routine histo-
pathological analysis of a minimum of 2 oesophageal
biopsies as: (I) EoE, characterized by the presence of
oesophagitis with > 15 eosinophils per high power field,
unresponsive to at least 4 weeks of proton pump inhibi-
tors [2]; (II) Reflux oesophagitis (RE), characterized by
histological evidence of basal zone hyperplasia, inflam-
matory cell infiltrate and < 15 eosinophils per high
power field; or (III) Normal, children with oesophageal
biopsies without signs of inflammation. The first 30
EoE, 20 RE and 20 normal patients that had undergone
digital tissue mRNA expression profiling were selected
for this study. None used corticosteroids or leukotriene
receptor antagonists at time of inclusion.

Digital mRNA pattern profiling

Quantification of mRNA transcripts with reporter probes
was performed with the nCounter® system (NanoString
Technologies, Seattle, WA, USA) according to the manu-
facturer’s instructions [23]. Target probes for genes of
interest are summarized in Table S1. mRNA counts were
collected for all patients, grouped according to anatomi-
cal location and normalized following the nCounter®
Data Analysis Guidelines (http://www.nanostring.com)
against the geometric mean expression of six internal
positive controls as well as the following five house-
keeping genes: glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), hypoxanthine phosphoribosyltransferase
1, beta-actin, 60S ribosomal protein L13a (RPL13A) and
heat shock protein 90-beta (HSP90AB1). A total of 68
proximal (28 EoE, 40 non-EoE controls) and 63 distal
biopsies (26 EoE, 37 non-EoE controls) met the strin-
gency criteria that are recommended by the manufac-
turer to prevent overcorrection of mRNA counts through
normalization and were used for further analysis.

Sample preparation

Proximal (> 10 cm above the gastroesophageal junc-
tion) and distal (1-2 cm above the gastroesophageal
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junction) biopsies were homogenized in 350 pul RLT
Buffer (Qiagen, Valencia, CA, USA) with B-mercaptoeth-
anol (Sigma, St. Louis, MO, USA) in GentleMACS M
tubes (Miltenyi Biotec, Auburn, CA, USA). Homogenates
were processed according to the nCounter® system
manufacturer’s protocol. All further processing of sam-
ples occurred with the nCounter® Prep Station and
nCounter® Digital Analyzer.

Whole blood samples were collected in EDTA blood
tubes and processed by incubation in RBC lysis buffer
(eBioscience, San Diego, CA, USA) and centrifugation
at 350 g. Pellets were re-suspended in phosphate buf-
fered saline (Invitrogen, Carlsbad, CA, USA) and centri-
fuged at 200 g to separate thrombocytes. Cells were
counted (CASY, Roche, Indianapolis, IN, USA) before a
final centrifugation at 400 g and storage at —80°C.
Prior to digital mRNA profiling, total RNA was isolated
from pellets with the RNeasy mini kit (Qiagen). RNA
concentration was assessed (NanoDrop, Thermo Scien-
tific, Rockford, IL, USA) and 500 ng was processed for
nCounter® analysis. Urine was centrifuged at 350 g and
stored at —80°C till further analysis.

Quantitative RT-PCR

After isolation from tissue homogenates with RNeasy
Plus kit (Qiagen), 500 ng of total RNA was reverse tran-
scribed with iScript (Bio-rad, Hercules, CA, USA). cDNA
was diluted 1 : 5 in H,0 and expression of LTC,S, eo-
taxin-3 and periostin was assessed using TagMan Gene
Expression assays (Applied Biosystems, Foster City, CA,
USA) in duplex RT-qPCR reactions with the housekeep-
ing gene GAPDH on a C1000 Thermal Cycler (Bio-rad).
Distal biopsies from 15 EoE patients and five controls of
which enough RNA was available were analysed; cDNA
from the five normal controls was pooled and used as an
inter-run calibrator on every plate. Results were analy-
sed with CFX Manager version 3.0 (Bio-rad) by calculat-
ing gene expression relative to GAPDH (AAct) [24].

ELISAs

LTE, was measured with a commercial ELISA following
manufacturer’s instructions (Cayman Chemical, Ann
Arbor, MI, USA). For correction for varying levels of
dilution, creatinine content was measured with a uri-
nary creatinine assay kit (Cayman Chemical, 500701).

Statistical analysis

Data were analysed with Stata 12.1 (StataCorp, College
Station, TX, USA) and Prism 5.0 (GraphPad Software,
La Jolla, CA, USA). Nominal variables were compared
with Fisher's exact test. Distribution of continuous vari-
ables was assessed with D’Agostino-Pearson omnibus

test and subsequently compared with Student’s #-test or
ANovA for normally distributed or Mann—Whitney U-test
for non-parametric variables. Correlation analysis was
performed by calculating Spearman’s rho for non-para-
metric variables. Receiver operating characteristic (ROC)
analysis was based on logistic regression modelling
with proximal and distal gene expression data as indi-
vidual predictors of diagnosis. Results were considered
significant for P < 0.05 upon two-sided testing.

Results

The 70 patients included in this study were enrolled
between July 2008 and May 2011 (47 boys, 23 girls,
mean age 10.1 + 5.0 years). To investigate the value of
LTC,S mRNA expression as a discriminative marker for
EoE at time of diagnosis, our initial analyses focused on
a patient set representative of clinical practice. The non-
EoE control group thus included children with normal
oesophageal histology as well as those with RE. One EoE
patient was excluded because of low mRNA yield from
both oesophageal biopsies. EoE patients received an
average daily PPI dose of 36 mg (+ 18 mg), which did
not differ from those patients with RE (35 +17 mg).
Patient characteristics are depicted in Table 1.

Patient groups did not differ significantly with
regards to their GI symptomatology. Frequency of self-
reported food allergies was significantly higher in EoE
patients compared to the other groups. Normal appear-
ance of the oesophagus during endoscopy was reported
in 80% of RE patients. In contrast, all EoE patients had
a minimum of one macroscopic abnormality, which
although not pathognomic for EoE [2] is found in 93%
of EoE patients [25]. In line with epidemiological data
[26, 27], we found a strong male preponderance in the
EoE cohort (76%). EoE patients furthermore had higher
serum IgE levels than non-EoE controls, though IgE lev-
els were also elevated in the control group. To account
for the age-dependent variation in normal serum IgE
range, we additionally compared IgE Z-scores express-
ing IgE levels as the number of SD from the age-depen-
dent mean [28], which yielded comparable results.

LTC,S mRNA is upregulated in oesophageal biopsies of
EoE patients

Comparative analysis of mRNA expression levels
showed a significant upregulation of LTC,S in tissue
biopsies of EoE patients when compared to non-EoE
controls (2.6-fold in proximal and 2.9-fold increase in
distal biopsies, Fig. 1a and b respectively). Equal
expression levels of normalized GAPDH mRNA counts
confirmed that differences were not due to higher
mRNA content (Fig. 1a and b). To validate the clinico-
pathological diagnosis in our patient cohort, we analy-
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Table 1. Study population

EoE Non-EoE P-value
EoE vs. RE vs. Normal
RE Normal biopsy All Non-EoE  biopsy

Male/female 22/7 12/8 12/8 24/16 0.20 1.0

Serum IgE in U/mL (median, range) 120 (4-1900) 55 (5-2446) 24 (4-216) 31 (4-2446) 0.23 0.31

IgE Z-score > 2

10/21 (48%)

7/20 (35%) 2/20 (10%) 9/35 (26%) 0.14 0.13

Linear furrowing 23 (820%) 3 (15%) 0 (0%) 0.23

5 (18%)

e S ——

Symptoms in past 6 months

Edema 0 (0%) 0 (0%) 0 (0%) < 0.01 1.0

Food getting stuck 12 (44%) 6 (30%) 6 (30%) 12 (30%)

Abdominal pain 11 (419%) 11 (55%) 9 (450) 20 (50%)

Diarrhoea 10 (379%) 3 (15%) 7 (35%) 10 (25%)

Regurgitation

7 (26%)

. .
Reported medical history of:

7 (35%) 12 (60%) 19 (48%)

o
N
o

Asthma 7 (26%) 5 (25%) 4 (20%) 9 (23%)

—_
o

9 (33%) 12 (60%) 10 (50%) 22 (55%)

o
~
(%2l

Heartburn or chest pain

*IgE Z-scores were calculated according to the age-specific reference range.
"No information on RAST testing in other centres was available.
*Endoscopy report of 1 EoE patient was missing.

Data on 2 of the 29 EoFE patients was missing (7%).

sed the expression of 4 EoE marker genes (Fig. 1c and
d): eotaxin-3 was found to be up-regulated 21-fold in
proximal and 13-fold in distal biopsies, as were
carboxypeptidase A3 (sevenfold proximal, sevenfold

IL-13 (sixfold proximal, sixfold distal). These results
confirm the diagnostic potential of the published EoE-
specific gene expression profile [9, 10, 29] in supple-

in individual samples, which yielded comparable results
(2.1-fold increase in proximal and 2.5-fold increase in
distal biopsies, Table S2).

We next validated the results obtained with digital
mRNA expression profiling using RT-qPCR as an estab-

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 902-913

tal biopsies of EoE patients (n = 15) and controls with
normal distal biopsy (n = 5) was compared (Figure S1a).
Average LTC,S mRNA levels as determined by RT-qPCR
were 4.8-fold higher in EoE patients than controls
(P = 0.001) and correlated well with digital LTC,S mRNA
counts from nCounter® analysis (Figure S1b, r = 0.619).

mRNA expression in oesophageal tissue [30]. In addition,
we confirmed with a second method that tissue LTC,S
mRNA levels are elevated in EoE patients.

To analyse the sensitivity and specificity of elevated
LTC,S mRNA transcripts for distinguishing EoE from
non-EoE controls, we compared the area under the ROC
curve with those of eotaxin-3 and periostin (Fig. 2).
This analysis revealed that expression of LTC,S mRNA
in oesophageal biopsies has sensitivity and specificity
> 80% in predicting EoE (area under the ROC curve
0.89; 95% CI 0.80-0.97) but as a single diagnostic tool,
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Fig. 1. Leukotriene C, synthase (LTC,S) mRNA levels are elevated in oesophageal biopsies of eosinophilic oesophagitis (EoE) patients. Digital
mRNA profiling was performed with nCounter® analysis. mRNA counts were normalized to internal controls and five housekeeping genes and are
displayed as normalized counts on the y-axis. (a) Proximal as well as (b) distal oesophageal tissue biopsies of EoE patients (n = 28 for proximal
and n = 26 for distal) show elevated LTC,S mRNA levels compared to non-EoE controls (n = 40 for proximal and n = 37 for distal). Expression of
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase does not vary between groups. To confirm clinical diagnosis by mRNA expression
profiling, (c) proximal and (d) distal oesophageal biopsies were additionally analysed for the expression levels of the published EoE markers
eotaxin-3, carboxypeptidase A3, periostin and IL-13. ***P < 0.0001, NS: not significant.
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Fig. 2. Sensitivity and specificity of elevated LTC,S mRNA levels in
distinguishing eosinophilic oesophagitis (EoE) from non-EoE patients.
Receiver operator characteristic (ROC) curves were derived from a
logistic regression model in which the proximal and distal oesopha-
geal mRNA expression served as individual predictors. Area under the
ROC curve was higher for eotaxin-3 than periostin (P = 0.09) and
LTC,S (P = 0.03). Addition of LTC4S mRNA counts to a model that
already included eotaxin-3 did not significantly increase the area
under the ROC curve (P = 0.75).

LTC,S expression did not outperform periostin (area
under the ROC curve 0.91; 95% 0.84-0.99, P = 0.56)
and was inferior to eotaxin-3 (0.98; 95% CI 0.93-1.0,
P =0.02). Furthermore, addition of LTC,S mRNA

counts to an EoE prediction model that included
eotaxin-3 expression did not significantly increase the
area under the ROC curve (0.976 vs. 0.977, P = 0.75).
Combined, these results indicate good, but non-superior
sensitivity and specificity of elevated LTC,S mRNA lev-
els over known EoE marker genes.

Increased LTC,S mRNA levels differentiate EoE from RE
patients

We next compared EoE patients with those who had
RE-associated inflammation and asked whether LTC,S
mRNA levels can specifically differentiate EoE from RE.
Comparison of LTC,S mRNA levels in EoE and RE
patients revealed a 2.8-fold increase in proximal and
3.3-fold increase in distal biopsies (Fig. 3a and b). This
difference was more pronounced than was observed
between EoE patients and controls with normal tissue
biopsies, which was 2.4-fold in proximal and 2.6-fold
in distal biopsies. Within our non-EoE control group,
RE patients showed a significantly decreased expression
of LTC,S mRNA in distal biopsies (0.8-fold, P = 0.03)
compared to normal controls.

Increased LTC,S mRNA levels distinguish a
subpopulation of EoE patients

Correlation analysis within the total patient population
showed that proximal and distal LTC,S expression
correlated highly in paired samples (Spearman

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 902-913
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Fig. 3. Elevated LTC,S mRNA counts differentiate eosinophilic
oesophagitis (EoE) from Reflux oesophagitis (RE). Based on the histol-
ogy of oesophageal biopsies, control patients were divided into a
group without signs of inflammation (normal, n = 20) and inflamma-
tion most likely associated with gastroesophageal reflux (RE, n = 20).
LTC,S mRNA levels were compared in (a) proximal and (b) distal
biopsies. Horizontal bars mark the mean + SD. Dotted line indicates
the mean LTC,S expression + 2 SD as calculated from all normal and
RE control patients. (c) Expression of LTC,S mRNA correlates highly
between samples from proximal and distal oesophagus in the entire
cohort (n = 62). (d) Subanalysis of LTC,S correlation in proximal and
distal paired biopsies of EoE patients (n = 25). *P < 0.05;
**%P < 0.001; NS: not significant.

rho = 0.843, Fig. 3c). This correlation remained when
only samples from EoE patients were analysed (Spearman
rho = 0.575, Fig. 3d). Of the six patients that expressed
LTC,S at the highest level in the distal biopsies, five
(83%) were found among the 10 patients with the highest
expression in proximal biopsies. These findings sug-
gested that the increase in LTC,S mRNA transcripts in
individuals is part of the disease immune phenotype
rather than a result of patchiness of the disease.

EoE biopsies were next divided into groups of
LTC4$HIGH and LTC4SL0W mRNA counts. Low expression
levels were defined as < 200 normalized mRNA counts.
This cut-off value was derived from the control popula-
tion as follows: mean LTC,S expression in all non-EoE
control biopsies + 2 SD. Based on this cut-off, we iden-
tified 23 biopsies with high and 31 biopsies with low
LTC,S expression. LTC,S™" and LTC,S"°Y groups
differed threefold in mean LTC,S mRNA expression but
had similar GAPDH mRNA levels (Fig. 4a). The 23 biop-
sies were derived from a total of 17 patients (59%);
biopsies from eight patients (28%) were exclusive to the
LTC,S™" group and nine patients (31%) had LTC,S
mRNA counts > 200 in only one of the biopsies.

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 902-913

Table 2 shows the characteristics of EoE patients with
high LTC,S expression in both biopsies vs. those with
low LTC4,S mRNA counts in one or both biopsies. No
difference in the degree of tissue eosinophilia as estab-
lished by routine histopathological analysis was
depicted. Furthermore, neither symptomatology nor
comorbidity of allergic diatheses differed significantly
between the patient groups; only one LTC,S™'°" patient
was suffering from asthma. We noticed that seven out
of eight (88%) LTC,S™CM patients had been enrolled
during the pollen season compared to only 29% of chil-
dren that classified as LTC,S'°“ (P =0.01). Self-
reported seasonal allergies also had a high prevalence
in our non-EoE control population (43%). Interestingly,
in 17 control patients with seasonal allergies (10 RE
and 7 normal controls), the average tissue LTC,S mRNA
counts obtained from eight patients enrolled during the
pollen season was significantly higher than in the nine
patients recruited off-season (normalized LTC,S mRNA
counts of 85 + 8 vs. 52 + 9, P = 0.02). Importantly,
LTC,S counts were on average still lower in controls
than in LTC,S"°Y EoE patients. This set of data argues
for an overall correlation of LTC,S mRNA expression
levels with pollen exposure, with an amplified effect in
EoE patients.

Because mean serum IgE levels were higher in the
eight patients with the highest LTC,S expression, we
investigated tissue mRNA levels of the constant region
of the IgE heavy chain (IGHE). Arguing against a differ-
ence in local IgE production by plasma B-cells, no
significant difference in IGHE transcript levels was
found between the EoE subgroups (Fig. 4b). We next
assessed whether the groups differed in the expression
of eotaxin-3, periostin and IL-13. This comparison did
not yield significant differences (Fig. 4c). In summary,
these results showed that high LTC,S mRNA counts
were only found in a subpopulation of EoE patients and
that high expression of LTC,S was not merely part of a
more active EoE transcriptome.

LTC,S™H piopsies show increased expression of TSLP
and lower levels of IL-23

Leukotriene synthesis is considered part of the tissue
Th2 response, but LTC,S™ and LTC,S"°" biopsies did
not differ in their IL-13 mRNA expression levels. We
therefore compared LTC,S™%" and LTC,S"*"W biopsies
for mRNA expression of thymic stromal lymphopoietin
(TSLP), a known local regulator of the Th1-Th2 bal-
ance. We found a 1.6-fold higher expression of TSLP
in the LTC,S™" biopsies and the higher TSLP expres-
sion in LTC,S™SH biopsies was accompanied by a
1.4-fold increase in CD4 mRNA counts (Fig. 4d).
Conversely, we identified a twofold lower expression of
[L-23 mRNA in LTC,S™" biopsies (Fig. 4e). Since
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Fig. 4. Elevated LTC,S mRNA levels define a subpopulation of eosinophilic oesophagitis (EoE) patients with a distinct inflammatory transcriptome.
(a) A subpopulation of 23 EoE biopsies with high LTC,S mRNA counts was defined (High) using a cut-off of the mean + 2 SD from the LTC,S
mRNA expression in all control biopsies. 31 EoE biopsies (64%) had expression below the cut-off and were classified as low LTC,S expression
(Low). glyceraldehyde 3-phosphate dehydrogenase expression was similar between LTC,S"®" and LTC,S"°Y groups. (b) IgE heavy chain mRNA
transcripts were similar between LTC,S™'" and LTC,S"" groups. (c) LTC,S™" and LTC,S"°" samples did not differ significantly in expression
of the EoE marker genes eotaxin-3, periostin or IL-13. (d) LTC,S™ " biopsies had significantly higher mRNA levels of thymic stromal lymphopoie-

tin (P = 0.009) and CD4 (P = 0.01). (e) Conversely, mRNA levels of IL-23 were significantly lower (P = 0.04) in LTC,S"" compared to LTC,S"*W
biopsies. When compared to control biopsies, IL-23 mRNA was higher in biopsies of patients with Reflux oesophagitis (RE) compared to normal
controls (P < 0.001). IL-23 expression in LTC,S™SH was not different from normal controls and LTC,S*°"V biopsies had IL-23 expression similar to

RE patients. *P < 0.05, **P < 0.01, ***P < 0.001, NS: not significant.

IL-23 is an important early mediator of Th17-type
inflammation, high expression of LTC,S might be the
result of a distinct inflammatory pattern of EoE. In
support of this interpretation, we found that IL-23
expression was 2.6-fold higher in RE biopsies in com-
parison to healthy tissue controls (normal controls).
IL-23 mRNA counts in the LTC,S™" biopsies did not

differ from the levels found in normal controls. Impor-
tantly, IL-23 expression in the LTC,S"°Y group was
equivalent to that found in RE biopsies. These findings
indicate that LTC,S mRNA over-expression character-
izes oesophageal inflammation in allergic EoE, while
the tissue characteristics of the non-allergic EoE group
appear to resemble that of RE patients.

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 902-913
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Table 2. Characteristics of LTC4S™M and LTC4S"°% EoE patients

LTC4sM6H LTC4S"OW P value

Male/female 6/2 16/5 1.00

Serum IgE in 669 (5 to 1900) 106 (4 to 377) 0.01
U/mL (mean,

range)
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pathology reports.

"Endoscopy report from 1 LTC4S"*" patient was missing.

Clinical data on 2 of the 21 (10%) LTC4S"°W EoE patients were
missing,.

YPollen season defined as mid-March to June and mid-August to
October according to Fogg et al. [37].

Eosinophils and mast cells are both cellular sources of
LTC,S mRNA transcripts

On the basis of the literature, we hypothesized that the
most likely cellular sources of LTC,S mRNA in oesopha-
geal biopsies from EoE patients are eosinophils, mast
cells and basophils. Histopathological analysis showed
equivalent degrees of eosinophil infiltration in LTC,S™'%H"

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 902-913

and LTC,S*®" patients (Table 2). No significant correla-
tion between tissue eosinophil numbers and LTC,S mRNA
transcripts numbers was found within the total EoE pop-
ulation (Fig. 5a, r = 0.165, P = 0.41) or in LTC,S"H
patients (Fig. 5b, r = —0.253, P = 0.54). In contrast, we
found a strongly positive correlation between both
parameters in tissue biopsies of patients with low LTC4S
mRNA counts in both tissue biopsies (r= 0.665,
P = 0.01). This set of data shows that eosinophils are a
likely source of LTC,S transcripts in the LTC,S*°" popu-
lation, but also indicates that an additional cellular
source might exist in the LTC,S™"sub-population.

Therefore, we analysed mRNA expression levels of
the PB-chain of the high-affinity IgE receptor FceRI,
expression of which is confined to mast cells and ba-
sophils. We found increased [B-chain transcripts in
LTC,S™"  when compared to LTC,S*®" biopsies
(Fig. 5¢, 428 vs. 256, P = 0.01). Analogous to the corre-
lation analysis of LTC,S expression and eosinophil
counts, we found a strong correlation in the LTC48LOW
but not in the LTC,S™CH biopsies (Fig. 5d, r = 0.492,
P = 0.005 vs. r = 0.260, P = 0.25). Similar results were
obtained for the mast cell marker carboxypeptidase A3,
with higher mRNA levels in LTC,S™MCH s, LTC,SHOW
patients (mRNA counts 2644 vs. 1880, P = 0.06) and
correlation coefficients of 0.458 (P = 0.01) in LTC,S*°W
and 0.225 (P = 0.30) in LTC,S™¢H biopsies.

Combined, these results suggest that LTC,S expres-
sion levels are not simply a surrogate marker for eosin-
ophil infiltration in LTC,S™®" patients and that other
cell types such as mast cells and basophils contribute to
local LTC,S mRNA production in this patient group.
The correlation analysis indicates that another cell type
contributes to the elevated mRNA levels in the
LTC,S™S" patient group. An alternative explanation
would be that LTC4,S mRNA production is up-regulated
in eosinophils or mast cells of this patient subgroup. In
summary, these findings form an additional argument
that LTC,S™ " EoE patients have a distinct immunolog-
ical tissue phenotype.

The LTC,S™" EoE subpopulation has to be defined
based on oesophageal LTC,S mRNA transcript levels

We next asked whether LTC,S™" EoE patients could
be identified by less invasive methods than tissue
biopsy. Therefore, we analysed mRNA expression in
whole blood samples from which erythrocytes and
thrombocytes had been removed. Here, we found simi-
lar LTC,S mRNA levels between EoE patients (n = 17)
and non-EoE controls (n = 25, Fig. 6a). No correlation
between the average LTC,S mRNA counts from the
proximal and distal biopsy with the patient’s LTC,S
mRNA counts in whole blood samples was depicted
(Spearman rho = 0.079, Fig. 6b).
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Fig. 6. LTC,S mRNA levels in whole blood samples and urinary LTE,
excretion do not distinguish eosinophilic oesophagitis (EoE) patients
from controls. LTC,S mRNA levels in whole blood was assessed in 17
EoE patients and 25 controls. (a) LTC,S mRNA expression was similar
between EoE patients and controls. (b) Expression of LTC,S mRNA in
whole blood did not correlate with the average tissue mRNA levels
from proximal and distal biopsies. Urinary excretion of leukotriene E,
(ULTE,) per mg creatinine was assessed in 10 EoE patients and 13
controls. (c) ULTE, levels were similar between EoE patients and con-
trols. (d) ULTE, did not correlate with the average tissue LTC,S mRNA
levels in 11 available paired samples. NS: not significant.

Finally, we tested if increased urinary excretion of cys-
teinyl leukotrienes occurs in EoE patients. Leukotriene E,
(LTE,) is excreted in the urine and can be reliably quanti-
fied using immunoassays [31, 32]. A total of 10 urine

samples from EoE patients and 13 samples from controls
were available for analysis. No significant difference in
average concentration of urinary leukotriene E, was
found between patient groups (Fig. 6¢). Comparable to
our results with mRNA analysis in whole blood, we did
not detect a significant correlation between the average
tissue LTC,S expression and urinary LTE, concentration
(Spearman rho = 0.246, Fig. 6d). Combined, these results
stress the importance of local diagnosis in distinguishing
LTC,SMSH EoE patients.

Discussion

Our study demonstrates that mRNA expression of
LTC,S, a key regulator of cysteinyl leukotriene synthe-
sis, is elevated in oesophageal biopsies of EoE patients.
More importantly, we found that tissue LTC,S mRNA
levels identify a subpopulation of EoE patients.
LTC,S™M%" EoE patients were not distinguished from
LTC,S"°W patients by age, sex, tissue eosinophil count
or expression of known EoE marker genes, but did
show elevated mRNA levels of TSLP and CD4 and
significantly lower levels of IL-23. Serum IgE levels in
the LTC,S™" subpopulation were significantly higher
than in LTC,S"®" patients. Since IgE levels commonly
correlate with the severity of an allergic phenotype [33,
34], this finding suggests a higher degree of allergic
sensitization in patients that overexpress LTC,S. As
such, mRNA levels of LTC,S, TSLP and IL-23 could
potentially discriminate an EoE subpopulation with a
more pronounced allergic phenotype at the tissue level.

Our study did not include standardized allergen testing
and therefore the antigenic specificity of the allergic tis-
sue phenotype in LTC,S™" patients remains unknown.
However, increased secretion of LTC,S protein has been
documented in nasopharyngeal secretions of ragweed-
pollen sensitive children during the pollen season [35,

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 902-913
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36] as well as in isolated blood leucocytes after in vitro
pollen-stimulation [37]. Accordingly, increased tissue
eosinophilia after exposure to pollen has been described
in EoE [38-40] and experimental EoE could be induced
through aeroallergen exposure [41]. In line with these
published data and our findings, it is well conceivable
that aeroallergen exposure during the pollen season
results in increased LTC,S mRNA levels in sensitized EoE
patients. Our findings that LTC,S mRNA levels were also
mildly elevated in sensitized, non-EoE control patients
enrolled during the pollen season could be used as an
argument that up-regulation of oesophageal LTC,S
mRNA expression in response to pollen is not confined to
EoE patients. However, expression levels were markedly
higher in EoE patients, suggesting amplified leukotriene
production in those patients with ongoing eosinophilic
inflammation.

How LTC,S mediated inflammation contributes to
disease severity in EoE cannot be determined by this
study. We did not identify any differences in GI symp-
tomatology as reported by LTC,S™" vs. LTC,S"OW
patients at time of enrolment. EoE, however, is a rela-
tively new, chronic disorder, in which the clinical
course is still impossible to predict at time of diagnosis.
One potential sequela of EoE is oesophageal fibrosis,
which is associated with local collagen deposits in the
oesophagus that likely contributes to clinical symptoms
of food impaction and dysphagia [42]. Recently, LTC,
has been described to promote skin collagen deposition
and thickening in an atopic dermatitis mouse model
[43]. It is thus conceivable that LTC,S™" EoE patients
may be prone to local collagen deposition and therefore
are at increased risk for the development of fibrosis.
This concept is further supported by a 15-year follow-
up study of paediatric-onset EoE which showed that
allergic rhinitis during childhood was the single factor
most strongly associated with dysphagia during early
adulthood (OR 3.5, P < 0.001), closely followed by food
allergies (OR 2.7, P < 0.01) [44]. Combined, these find-
ings support a model in which LTC,S mRNA in oesoph-
ageal tissue in sensitized EoE patients is increased in
response to allergen-exposure, resulting in increased
collagen deposition and ultimately progression of dys-
phagia and food impaction.

The published EoE transcriptome, with up-regulation
of eotaxin-3, periostin, carboxypeptidase A3 and IL-13
as hallmark features, was found not to divert between
allergic and non-allergic EoE patients [9, 10]. This is
confirmed by our data that show similar mRNA levels
of these four target genes in LTC,S™“" and LTC,S"°W
biopsies. Furthermore, our LTC,S™" samples were not
characterized by higher local IgE production, which is
in line with data by Vicario ef al. who showed that
local IgE production occurs to the same extent in both
allergic and non-allergic EoE patients [8].

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 902-913

Identification of distinct features of an allergic EoE
transcriptome may have important consequences for
our understanding of individual disease phenotypes.
LTC,S mRNA was not only found to be up-regulated in
a subpopulation of EoE patients but also distinguished
RE patients from those with normal tissue histology.
This disease-associated regulation of baseline tissue
LTC,S expression may reflect two separate pathways of
immune activation. Since IL-23 was found to be signifi-
cantly higher expressed in LTC,S"°" biopsies as well as
in RE patients, it is conceivable that its induction is part
of a distinct inflammatory transcriptome that overlaps
with the inflammation signature of RE. Within a hetero-
geneous population of EoE patients, this may poten-
tially identify those with PPI-responsive EoE.

To our knowledge, this study is the first report on
mRNA expression of LTC4S in oesophageal tissue of
EoE patients. Previously, quantification of the cysteinyl
leukotrienes LTC,, LTD, and LTE, in oesophageal tissue
yielded no differences between 12 EoE patients and 10
controls [14]. Only 25% of the EoE patients in this study
showed elevated serum IgE levels. Since we found ele-
vated LTC,S mRNA levels mostly in the EoE group with
classical allergic diagnosis, a possible explanation of
the equivalent protein levels of LTC,S between EoE and
control patients in the study by Gupta et al. was a rela-
tive under-representation of allergic EoE patients with
elevated serum IgE. Recently, Dellon et al. reported that
protein levels of LTC,S and LTA, hydrolase as deter-
mined by immunohistochemical staining failed to iden-
tify EoE patients [45]. These enzymes might be highly
stable proteins and the question of how LTC,S mRNA
expression correlates with tissue protein levels in EoE
requires clinical follow-up studies. Such studies are
important because based on our results, it is conceivable
that patients with high expression of LTC,S mRNA will
benefit most from pharmacological treatment with the
leukotriene receptor antagonist montelukast, which thus
far has been described to yield mixed clinical results in
EoE [16-18, 46, 47], but showing clear improvement in
some patients. Prospective clinical studies to address
this hypothesis are now of the utmost importance.

In summary, we here describe the identification of a
subpopulation of EoE patients that is characterized by
elevated mRNA levels of LTC,S and TSLP, combined
with lower expression of IL-23 in oesophageal tissue.
Our results stress the importance of local diagnosis of
this allergic disease. Incorporation of our findings into
clinical practice could advance current EoE classifica-
tion and direct personalized treatment strategies.
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Table S1. Probesets for genes of interest as designed

by nCounter® for NanoString mRNA expression analy-

sis. Italics represent the 5 housekeeping that were used

for normalization.
Table S2. Alternative normalization strategy for mRNA
levels in our patient population confirms the upregulation

of LTC4S as a distinguishing parameter for EoE.
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Figure S1. Quantitative RT-PCR results confirm higher expression of LTC4S in
oesophageal tissue of EoE patients. (A) Digital mMRNA profiling for LTC,S, eotaxin-3
and periostin was validated by RT-gPCR in a subset of EoE patients (N=15) and controls
with normal tissue biopsy (N=5). (B) LTC,S expression as determined by RT-qPCR

correlates with normalized mRNA counts obtained from digital mMRNA profiling. **p<0.01



SUPPLEMENTAL TABLES

Gene ID Accession Targeted Target sequence

number region
Carboxypeptidase A3 NM_001870.2 220-320 ACCCACCACGTAGCTGCTAATATGATGGTGGATTTCCGAGTTAGTGAGAAGGAATCCCAAGCCATCCAGTCTGCCTTGGATCAAAATAAAATGCACTATG
CcD4 NM_000616.3 835-935 AGACATCGTGGTGCTAGCTTTCCAGAAGGCCTCCAGCATAGTCTATAAGAAAGAGGGGGAACAGGTGGAGTTCTCCTTCCCACTCGCCTTTACAGTTGAA
Eotaxin-3 NM_006072.4 184-284 GGAGTGACATATCCAAGACCTGCTGCTTCCAATACAGCCACAAGCCCCTTCCCTGGACCTGGGTGCGAAGCTATGAATTCACCAGTAACAGCTGCTCCCA
FceRIB NM_000139.3 661-761 TTCTCACCATTCTGGGACTTGGTAGTGCTGTGTCACTCACAATCTGTGGAGCTGGGGAAGAACTCAAAGGAAACAAGGTTCCAGAGGATCGTGTTTATGA
IGHE AK130825.1 702-802 TGCTGACCGTCTCGGGTGCGTGGGCCAAGCAGATGTTCACCTGCCGTGTGGCACACACTCCATCGTCCACAGACTGGGTCGACAACAAAACCTTCAGCGT
IL13 NM_002188.2 516-616 TTTCTTTCTGATGTCAAAAATGTCTTGGGTAGGCGGGAAGGAGGGTTAGGGAGGGGTAAAATTCCTTAGCTTAGACCTCAGCCTGTGCTGCCCGTCTTCA
1L23 NM_016584.2 411-511 CAGGGACAACAGTCAGTTCTGCTTGCAAAGGATCCACCAGGGTCTGATTTTTTATGAGAAGCTGCTAGGATCGGATATTTTCACAGGGGAGCCTTCTCTG
LTC4S NM_145867.1 31-131 AGACGGGGCTAAGCGTTCCCCAGCTCGCCTTCACACACAGCCCGTGCCACCACACCGACGGTACCATGAAGGACGAGGTAGCTCTACTGGCTGCTGTCAC
Periostin NM_006475.2 487-587 GAGGAGATCGAGGGAAAGGGATCCTTCACTTACTTTGCACCGAGTAATGAGGCTTGGGACAACTTGGATTCTGATATCCGTAGAGGTTTGGAGAGCAACG
TSLP NM_033035.3 395-495 CCGTCTCTTGTAGCAATCGGCCACATTGCCTTACTGAAATCCAGAGCCTAACCTTCAATCCCACCGCCGGCTGCGCGTCGCTCGCCAAAGAAATGTTCGC
GAPDH NM_002046.3 35-135 TCCTCCTGTTCGACAGTCAGCCGCATCTTCTTTTGCGTCGCCAGCCGAGCCACATCGCTCAGACACCATGGGGAAGGTGAAGGTCGGAGTCAACGGATTT
HPRT1 NM_000194.1 240-340 TGTGATGAAGGAGATGGGAGGCCATCACATTGTAGCCCTCTGTGTGCTCAAGGGGGGCTATAAATTCTTTGCTGACCTGCTGGATTACATCAAAGCACTG
ACTB NM_001101.2 1010-1110 TGCAGAAGGAGATCACTGCCCTGGCACCCAGCACAATGAAGATCAAGATCATTGCTCCTCCTGAGCGCAAGTACTCCGTGTGGATCGGCGGCTCCATCCT
RPL13A NM_012423.2 720-820 AGTCCAGGTGCCACAGGCAGCCCTGGGACATAGGAAGCTGGGAGCAAGGAAAGGGTCTTAGTCACTGCCTCCCGAAGTTGCTTGAAAGCACTCGGAGAAT
HSP90AB1 NM_007355.2 1880-1980 AGCCAATATGGAGCGGATCATGAAAGCCCAGGCACTTCGGGACAACTCCACCATGGGCTATATGATGGCCAAAAAGCACCTGGAGATCAACCCTGACCAC

Supplemental Table 1. Probesets for genes of interest as designed by nCounter® for NanoString mRNA expression analysis. Italics represent the 5
housekeeping that were used for normalization.



Gene nCounter® Normalization Alternative Normalization

Fold Upregulation P-value Fold Upregulation P-value

LTCA4S Prox 2.6 <0.0001 2.1 <0.0001
Dist 2.9 <0.0001 25 <0.0001
Eotaxin-3 Prox 21 <0.0001 22 <0.0001
Dist 13 <0.0001 12 <0.0001
Periostin Prox 41 <0.0001 26 <0.0001
Dist 27 <0.0001 23 <0.0001
Carboxypeptidase A3 Prox 7 <0.0001 5 <0.0001
Dist 7 <0.0001 7 <0.0001
IL-13 Prox 6 <0.0001 4 <0.0001
Dist 6 <0.0001 4 <0.0001
GAPDH Prox 1.0 0.64
Dist 1.0 0.96
HPRT1 Prox 0.9 0.63
Dist 0.9 0.16

Supplemental Table 2. Alternative normalization strategy for mRNA levels in
our patient population confirms the upregulation of LTC4S as a
distinguishing parameter for EoOE. Differential gene expression was verified
using an alternative normalization strategy in which direct mRNA counts were
divided by direct mRNA counts of GAPDH in that sample.
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