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Abstract

Background: There is strong evidence for a role of type Dkites in the pathogenesis of eosinophilic
esophagitis (EOE); however, heterogeneity in tyger2e expression has not been examined.

Objective: We examined type 2 immunity-associated gene egjanesn esophageal biopsies aiming to
determine the degree of cytokine heterogeneityitsrmubtential clinical significance.

Methods: Patients (n=312) were recruited from 10 sites @ated with the Consortium of Eosinophilic
Gastrointestinal Disease Researchers (CEGIR). thtiad to histologic and endoscopic assessment,
esophageal biopsies were examined for expressi®f génes within the EoE Diagnostic Panel (EDP).

Results: Five subgroups of patients with active EoE wesntdied by unsupervised clustering based on
expression ofL4, IL5, IL13, CCL26, TSP, CLC, CCR3, andCPA3. These groups differed in age €
0.02) and EDP scoreP(<1.08E-30) but not eosinophil levels. Group V patsehad the highest
expression ofL5, TSLP, CCL26, andgenes associated with tissue remodeling su€@Cas8Al, ACTG2
andTSPAN12. IL5 andIL13 were highly expressed in group 1V; however, grobpsnd V differed in
age (34 vs. 14 yearB, < 0.001). Groups Il and Ill, which exhibited inteediate expression ¢£5 and
CPA3, were differentiated by highSLP andIL13 in group llI.

Conclusion: We observed heterogeneous type 2 gene expressimmggpatients with active EoE. Type
2 gene overexpression was not directly proportidoatlisease features; this was especially true for
tissue remodeling events. These findings highlightlinical opportunity for leveraging molecular
endotypes to implement personalized medicine in.EoE

Clinical Implications

In addition to illuminating distinct disease mecisams, the heterogeneity dt5, IL13 and TSLP
expression described herein is likely to impacigmatresponse to biological agents that targetethes
cytokines.

Capsule Summary

This study demonstrates heterogeneity of type 2umty in eosinophilic esophagitis independent of
esophageal eosinophil levels. These data subdmrkia presence of clinical endotypes and suggest
heterogeneity of responses to anti-type 2 therapy.

Keywords

Allergy, Cytokine, Eosinophil, Fibrosis, IL-5, IL3] Inflammation, Precision Medicine, Resolution, T-
helper type 2.
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INTRODUCTION

Eosinophilic esophagitis (EoE) is a chronic inflaatory disease triggered by delayed immune
hypersensitivity to foods and aeroallergens rasglin the accumulation of excessive eosinophilthe

esophagus? Children and adult patients can present with vimgjtdysphagia and food impaction.

Substantial evidence is accumulating supporting teE is driven by a type 2 immune response,
associated with IL-4, IL-5 and IL-13" In particular, mMRNA expression ¢f5 andIL13 (andIL4 to a
lesser extent) are increased in the esophagus Bf fatients compared with contrls® ** IL-5 is
required for induction of experimental EoE in miaed overexpression leads to esophageal inflammatio
and remodelind® IL-5 induces integrin ligation, activation, andrgiual of eosinophils, all of which can
be inhibited in vivo in humans with a neutraliziagtibody against IL-5, which is now approved foe th
treatment of eosinophilic asthrifa®IL-13 appears to be particularly important in EadEoverexpression

in mice induces cardinal features of the diseasguding induction of esophageal eotaxin expression
eosinophil accumulation, epithelial hyperplasiagiagenesis and fibrosis, processes that occur en th
human diseas®. In addition, IL-13 induces impaired barrier fumcti of esophageal epithelial cells
partially via upregulation of calpain-1Z€APN14), which is encoded by a gene located at the $ibme of

the chief EoE susceptibility loci, 2p23.1> 2922 Genetic studies have also identified genome wide
susceptibility at 5922, the thymic stromal lymphmim (TSLP) locus. TSLP-activated dendritic cells
cause T cell polarization to Th2 cells that sersesaurces of IL-5 and IL-13 in EJE?* ?* Antibodies
against IL-5 and IL-13, including its receptor ILdRalso a receptor for IL-4) reduce esophageal
eosinophils and improve endoscopic, histologic andsophageal transcriptomic abnormalities in early
clinical studies, but the effects are variable: ** 1 2> ?Despite strong evidence for a role of type 2
cytokines in EoE pathogenesis, implementation ofeti@d therapeutics is hampered, in part, by the

inability to predict responders and non-respondeadsthe heterogeneity of treatment response.
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Levels of esophageal eosinophils correlate withstheerity of endoscopic findingsYet, disease severity
associates with multiple histological parameterstebethan esophageal eosinophil counts af8ne.
Transcript expression profiling of esophageal biep$as identified unique disease specific trapsgri
notably rich in genes that encode type 2 cytokioegroducts induced by these cytokines (e.g. IL-13
induced eotaxin-3).}" ?°3*An EoE diagnostic panel (EDP), composed of 96 géneolved in diverse
functions including inflammation, remodeling, arahitransport, effectively differentiates patientshw
active EoE from control individuals including EoBtients in remissioh’. Molecular profiling with the
EDP has identified substantial molecular heterofgmssociated with distinct histologic and endgsco
features which lead to the identification of thdistinct disease endotyp¥s.Herein, we examine 237
adult and pediatric EOE patient biopsies and dinieatures from 10 sites associated with the Qbinso

of Eosinophilic Gastrointestinal Disease ReseaskBEGIR)** >3 Esophageal biopsies were examined
for the expression of type 2 immunity associategegaroducts, aiming to test for the presence aépeat

heterogeneity, based on type 2 immune responsestsasignificance.
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METHODS

Patient Recr uitment

This study was conducted within the context of CEG national collaborative network of 16 academic
centers caring for adults and children with eosimipgastrointestinal disorders (Supplemental €ab).

The CEGIR clinical trial, Outcomes Measures in Bophilic Gastrointestinal disorders across the Ages
(OMEGA), is a longitudinal cohort study aimed atarstanding the natural history of EoE, eosinophili
gastritis, and eosinophilic colitis during routioknical care™® **>*with this aim, demographic, clinical,
endoscopic and histologic data, as well as gasestinal and blood samples have been prospectively
collected from 2015 through 2018. Ten sites pravitlee EoE patient and sample data for this study;
samples without peak eosinophil counts were exdudam the current analysis (Fig. 1; Supplemental
Table 2). Clinical features of subjects were dateed during standard of care evaluation with ietakd
follow up forms. All subject data were storedles Data Management and Coordinating Center (DMCC)
at the University of South Florida in Tampa, FL amere systematically extracted from the database. W
defined patients with active EOE as having symptanesophageal dysfunction and a peak count ofr15 o
more eosinophils per high-power field (HPF); sarapiith no documented eosinophil count at the tifne o
biopsy were excluded from the current study. Speos obtained from patients with confirmed EoE with
fewer than 15 peak eosinophils per HPF were clagsds inactive. Pediatric subjects were defined as
those less than 18 years of age. Atopy was defrased on self-report of allergic rhinitis, derrtisgti
asthma, or food allergy. The definition of “respers steroid” was determined using a positive/negat
response to whether swallowed topical steroidstiemh effective on the basis of symptom and patlyolog
These data were captured across 10 sites by thdRCE@stionnaire, as report&d® This study was

approved by the institutional review boards of ffeticipating institutions via a central institutad
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review board at Cincinnati Children’s Hospital Meali Center (CCHMC). Participants provided written

informed consent.

Biopsy acquisition

We obtained distal esophageal biopsy specimensglemndoscopy; 2-3 specimens were taken from the
area 2-4 cm above the lower esophageal sphiffc@ene expression in unfixed biopsy specimens was
analyzed by qPCR with the EDP as previously deedri®!’ The EoE transcriptome as measured by the
EDP is enriched for epithelial genes as reportéibagh it also has embedded markers of T cellsf mas
cells and eosinophifs. Changes in cycle thresholds Ct) for all genes of interest was calculated by
subtracting the Ct of GAPDH. In order to contral fbe potential effect of variable GAPDH detectmm

ACt values for samples with Ct = 40 (the lower limfitdetection) ACt values associated with Ct=40 were
removed, the minimum expression of each gene wadiftbd, andACt values associated with Ct = 40
were replaced with (minimum-1) values. The EDP sc(reviously described as EoE score) was
calculated by summingCT values of the 76 highly dysregulated ge®&sQT) in the panel, as described
previously*® !’ In order to reflect the disease-specific expressignature and disease severity, the CT
sums were separately derived for the upregulatdddamwnregulated genes, and then their two sums were
combined. Of note, the EDE score is inverselyatated with disease severity. The assignment of the
subject’'s EOE endotype based on the expressiongan@s in the panel of genes was established by a
method comprising linear discriminant analysis dateing a probability distance using Mahalanobis
distance® By using the same algorithm, probabilities andifmted EoE endotypes were calculated based

on the highest predicted probability.
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Data analysis

Unsupervised clustering was used to identify grooippatients with active EoE based on expression of
Th2-associated genes previously shown to be umtmlin EoEjL4, IL5, IL13, CXCL8, CCR3, CCL26,
TSLP, as well as markers of eosinophiSLC), and mast cellsQPA3). The selection of K=5 for patient
clustering was based on obtaining a sufficientthie results of a sensitivity analysis, and alsdirtot
depletion of cluster size. Gene expression, EDiresemd age were compared between these grouggs usin
one-way ANOVA with Bonferroni post-test, and sigo#éince with respect to inactive patients was
assessed with Dunnett's post-test. Values from hiséologic scoring system (HS%),endoscopic
reference scoring system (EREES)°and peak eosinophil count were compared with dreparametric
Kruskal-Wallis test and Dunn’s post-test. Featafethe HSS were scored for grade (0-3) and sta),(
which were combined and the sums normalized tongeaf 0-1 for the total scores. Lamina propria
fibrosis could not be assessed in over 30% of sesnperefore these measurements were excluded from
the current analysis. Features of the EREFS weareed((0-2) and features were added to obtain total
scores in the distal and proximal esophagus; pralkand distal scores were, in turn, added to oldain

final score.

To characterize groups of patients with active Bo&,examined the distribution of previously desedib
EoE endotypes. To assign endotypes, an algorithitm @vscriminant analysis was performed based on
expression of 8 genes expression previously desttfbData compilation, filtration and K-means
clustering were performed in R Studio (version B.%and statistical analyses were completed in Gagh
Prism (version 8.0.1); statistical significance wassigned at p-values less than 0.01. Morpheus

(https://software.broadinstitute.org/morpheus/) wsed to generate heatmaps.
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234 RESULTS

235 EOE Patient Characteristics

236 Patient age ranged from 4 to 71 years with mearofgé years (Table 1). A majority of the patients
237 were male (67%) (Table 1). A subset of patientsevem proton-pump inhibitor, dietary eliminationdan
238 topical steroid therapy (Table 1). Patients withivee EOE had mean value of 50 eosinophils/HPF,
239 whereas patients with inactive EOE had 3 eosinefti?F (Table 1). The EDP total score differed in
240 active and inactive group (123 vs 38X 0.0001; Table 1). Consistent with the increasesiophageal
241 eosinophil levels, expression of esopha@a#al mRNA was increased in active EOE compared with
242 inactive EOE AACt = 5.45P < 0.0001; Fig. 2). Levels @PA3, a mast cell specific transcript, were
243 increased in biopsies from active EOE patients @egbwith patients with inactive EOBACt = 2.84,

244 P <0.0001; Fig. 2).

245

246  Type 2 cytokine profilesin EoE

247  Of the upregulated genes in active vs. inactivealtis, we noted numerous type 2 immunity associated
248 genes, such ad.5, TSP, andIL13 (Fig. 2). These included increases in several 3tinbucible genes
249  includingCCL26 (AACt = 5.12 P < 0.0001) SLC26A4 (AACt = 4.88,P < 0.0001) MMP12 (AACt = 4.32,

250 P < 0.0001),LRRC31 (AACt = 8.21,P < 0.0001) andALOX15 (AACt = 7.47,P < 0.0001). Focusing on
251 type 2 associated cytokines, we observed incrdase@ACt = 4.02,P < 0.0001) andL13 (AACt = 2.15,

252 P < 0.0001). By contrast we observed only a modesease infSLP (AACt = 0.09,P < 0.05) and no

253 significant change iTGFB1.

254

10
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Expression of type 2 inflammatory genes distinguishes subgroups of active EOE

We set out to identify unique subgroups of patiemth active EOE based on differential expressibn o
type 2 cytokinesl(4, IL5, TSLP andIL13) and the allergic inflammatory cell specific maik€LC and
CPA3. Using unsupervised clustering, we identified figeoups of patients with low (Group 1),
intermediate (Groups Il and IlI), and high (Grougsand V) expression of type 2 cytokine genes, Wwhic
were ordered according to expressionld (Fig. 3,A). IL5 andCPA3 were not significantly increased in
Group | with respect to patients with inactive E@gtg. 3, B). Eosinophil levels were comparable among
all 5 subgroups (Fig. ). WhereadL13 was significantly increased in Groups IlI-V, theciease in
Groups Il and IV was most dramatitSLP was increased specifically in Groups Il and Vf note, L4
was universally low; it was undetectable in 95 @f @atients with inactive EoE, and in all Group |
patients; converselyl 4 expression was detectable in approximately 209 ®high patients with active

EoE (Groups IV and V; Fig. &).

Groups |-V differed significantly in total EDP seprboth compared to one-another and compared to
patients with inactive EoE (Fig. 8). Groups that did not significantly differ in EBfeore were Groups

Il and Ill, the IL5-intermediate groups, as well as Groups IV andhé,1t5-high groups (Fig. 3C).
While there was no difference in age between p&tiaith active or inactive EoE (Table 1), patieimts
Group IV were significantly older than patients lwinactive EoE R < 0.05; Fig. 3,C). Moreover,
treatment status did not account for patient gnogipas chi-square analysis did not reveal sigmifica
enrichment of PPI, steroid usage, or ongoing diietapy in any of the five patient groups (Suppletalen

Table 4).

11
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Cytokine heter ogeneity associates with histologic and endoscopic phenotypes as well as molecular

endotypes

We aimed to determine if the identified patient gnolips associated with histological and endoscopic
features. In patients in Group | with law5 expression, we observed that HSS grade and stagess
were higher than in the inactive group corrobogattheir assignment as active EoE; however, we
observed no significant increase in total endosrepores (EREFS) with respect to inactive EoE (&ig.
A-B). Peak eosinophil counts did not differ among dicive groups; however, significant differences
between active and inactive disease patients amdfisant intergroup differences occurred among the
individual features of the HSS (Fig. @; Supplemental Table 3). The most frequent abnliisgawere
eosinophilic inflammation (El), basal zone hypesm@a(BZH) and dilated intercellular spaces (DIS); E
and BZH were significantly increased in all grougmsmpared to inactive EoE, BZH was significantly
increased in Group V compared to Group |, and D& significantly increased in Groups II-V compared
to inactive EOE. Surface epithelial alteration ASEvas significantly increased in Group V compated
inactive patients. Eosinophil abscesses (EA), nemdiil surface layering (ESL) and dyskeratotic
epithelial cells (DEC) were less common, and sigaift increases were not found. ESL was most
common in Group lll and DEC in Group V. Group Whhe highest scores for EI, BZH, DIS, SEA and

DEC.

Focusing on endoscopic features, the identifietepasubgroups had unique associations. Group | di
not have a significant increase in rings or edentegreas edema was elevated across Groups II-1V (Fig
4, B). Exudates were elevated across Groups II-V. Aigmofurrowing was observed in all patient groups

with respect to inactive disease, the most sevwarewing was observed in Groups I, 1ll and V, whic

12
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were significantly greater than Group I. Of naiags (or trachealization) were highest in Grouipsll

and IV and were absent in Group V.

We aimed to understand the relationship betweendiified cytokine heterogeneity and previously
described EoOE endotypes. Absence of rings in Grdupatients led us to question whether these
biopsies shared characteristics with the inflammyaioE endotype (EoEe2), which also exhibited a
notable lack of rings® Whereas Group V overlapped entirely with EoEe2ou®r IV represented a
combination of EoEe2 and the fibrostenotic endatypeEe3 (Fig. 4,D). Groups Il and Il were
primarily represented by EoEe3, while the remainpagients conssited of the normal-like endotype,
EoEel, as well as EoEe2. Finally, Group | consigt@aharily of patients assigned to EoEel, while the
remainder of patients consisted of EoEe3 and onilydividual from EoEe2. Collectively, our data
substantiate distinct EOE endotypes, independergsophageal eosinophil levels in active biopsies,

based on cytokine expression.

Group-specific gene dysregulation corrobor ates endotype member ship

We aimed to determine which genes and/or pathwsseceated with the uniquéb-related endotypes.
By enumerating the 10 genes that were the mostyhigiregulated in each group, we identified several
genes that were upregulated in all five groupsuiticly ALOX15, CCL26, and LRRC31, which are
induced by IL-13, as well &LC andPMCH (Fig. 5,B). MMP12, S_.C26A4, and TNFAIP were among
the most induced genes of Groups 1l-V. In Group there was notable upregulation of structural
remodeling gene$IMP12 and COL8BA2 paired with a decrease in genes associated withedépl

integrity and differentiation such &.G, DSG1, andSPINK7 —this result corroborates the observation
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that Group Il is largely congruent with the fibtesotic endotype (EoEe3; Fig. A).'° WhereadL13
was preferentially expressed in Group IV, sevetall3-dependent transcripts were preferentially
expressed in Group V, includingRRC31 and S.C26A4. Similarly, we observed that both groups
preferentially expressed specific genes associattd structural remodeling, specificallQOL8A2 in

Group IV andACTG2 as well asvMP12 in Group V.
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326 DISCUSSION

327 Herein, we have examined the relationship betwepe £ gene expression and EoE related disease
328 features. In this study, we examined heterogeneopsession of the type 2 cytokinéls5 and IL13
329 because of their known roles in promoting eosinophrvival and activation through both direct and
330 indirect mechanisms and the emerging set of thesaipiat target these cytokines and/or their recepto
331 131418 ye have identified subgroups of patients withvacfoE that have low, intermediate, and high
332 expression oflL5, and furthermore demonstrated concomitant uprégulaof genes associated with
333 fibrotic tissue remodeling itL5-intermediate patient groups (Fig.&), Treatment status did not account
334 for differential gene expression that determinesep& grouping, as chi-square analysis did not akve
335 significant enrichment of PPI, steroid usage, ogaing diet therapy in any of the five patient greup
336 Importantly, of the two groups with high5 expression]JL13 expression was elevated in only one of
337 them, suggesting the existence of a mechanism hghwiegulation ofiL5 andIL13 gene expression is
338 discordant either spatially or temporally, as grédpatients were markedly older in age than grdup
339 patients We have demonstrated a positive relatipristween higHL5 expression and increased disease
340 severity as assessed by the total EDP score anos&mulc parameters. Specifically, we found that
341 patients with active EoE but low expressionlbb did not exhibit a significant global increase in
342 endoscopic disease severity scoring, although direkyexhibit higher scores compared to inactiveqrds
343 via histologic scoring. These findings support pinectice of obtaining biopsies from patients sutgreof

344 having EoE even if the endoscopic appearance mmalor
345

346 Previous studies have reported a correlation betvessinophil counts by histology and expression of
347 inflammatory genes includind.5, IL13, andCCL26 ®*'. In contrast, by focusing specifically on patient
348 with >15 eosinophils/HPF, we describe differentggdne expression in groups of patients with no
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difference in esophageal eosinophil counts. Howewer observed discordance betwé&aC transcript
and eosinophil levels. This result may be due ® ghesence of extracellular vesicles contair@g
MRNA, which may be indicative of eosinophil actieat Further investigation will be needed to es&ibl
a relationship betweeBLC transcript, intact eosinophils, and extracell@asinophil-derived vesicles in

biopsy tissue.

A recent single cell RNA sequencing study of esgehé residing CD3 T cell$® has identified the
cellular source of IL-5 and IL-13 to an enrichedpplation of activated effector memory T cells
(designated the T8 cell population), consistenhvgitior reports” *® The single cell RNA sequencing
paper was limited to 17 subjects; whereas, theeatistudy examines over 200 subjects, thus allowing
deeper analysis of patient heterogeneity, as vgefireenotypic associations. On a single cell lewely a
minority of pathogenic effector Th2 cells produadyolL-5, whereas most produce IL-13. Collectively,
our data substantiate patient specific differericabe presence of CDJ cells based on IL-5 and IL-13
expression, and that this heterogeneity assocauess likely causal, at least in part, with distidisease

features.

Heterogeneity of disease presentation may be iagecaf chronological stages of disease or distinct
disease mechanisms. Recently, we have reportadehgfication of three molecular endotypes of aeti
EoE with distinctive histologic and endoscopic teas and presented evidence that patients tramsitio
from a normal-like endotype (EoEel) to an inflamomat(EoEe2) and finally a fibrostenotic (EoEe3)
endotype'® Although samples in this report represent a sitighepoint, the data substantiate previous

reports that EOE progression is not a simple lipeshway from low to high Th2 cytokine expression.
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371 By comparing the current findings with endotypeigrasients, these collective results support a deseas
372 mechanism that transitions fronL5-low/normal to IL5-high/inflammatory and finally tolL5-

373 intermediate/fibrostenotic.
374

375 Whereas expression of type 2 cytokink$3 and TSLP were detected at low levels in patients with low
376 IL5 expression or with inactive EoHL 4 transcript was undetectable in these patients veasl only
377 expressed at a low level in patients with activeeEEmd highlL5 expression. It is possible that active
378 protein production and signaling is not adequatatgounted for by mRNA quantification. We have
379 recently reported differential cytokine expressioi-cells from patients with EOE, and observed tha
380 4 was readily detected by flow cytometry but noRNA-sequencing data, indicating that its regulatio
381 may occur post-translationally and that biologigadignificant changes in IL-4 signaling may not be
382 detected at the level of mMRNA quantificatidriVioreover, significant evidence exists that altHouig-4
383 and IL-13 share receptor components, due to diffexlereceptor subunit usage, IL-4 exerts biologica

384 activity at substantially lower concentrations thiasl3;*%*2

it is therefore possible that IL-4 signaling is a
385 critical component of the signaling events in padrom Groups IV and V, since low expression rbay
386 sufficient to skew the inflammatory environmentrthermore, as cytokines largely exert their acfivit

387 local tissue microenvironments and immunologicalapses, MRNA quantification in bulk tissue may fail

388 to detect bioactive quantities of IL-4 expression.
389

390 High-throughput EoOE genetic studies used to idgntdmmon genetic susceptibility elements (single
391 nucleotide polymorphisms; SNPs) and altered gemeession have implicated several genes associated

392 with type 2 inflammation. Thymic stromal lymphopme(TSLP), which acts on DCs to promote Th2
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polarization, was identified by GWAS as the siterafltiple SNPs that are associated with Eo&.**We
have shown that upregulation of TSLP expressioBo& patients is affected by the presence of a risk
allele in the 5022 locu®. Whether patient genotype at the TSLP locus acedientpatients with highL5

expression but loWwSLP expression, as in Group IV, will be the subjectutéire study.

Improved understanding of the relationship betwspe 2 gene expression and clinical progression may
enable selection of therapeutic interventions taeget 1L-13, IL-4Rx and/or IL-5. Anti-IL-13 leads to
improvement in clinical outcomes in EoE and suggéist presence of responders and non-responders.
Trials using anti-IL-5 in EoE have shown signifitamprovement in some patients evidenced by
decreased eosinophilia and tissue remodélifig** % %°Anti-IL-5 (mepolizumab and reslizumab) has
utility in asthma but only in the eosinophilic emgne®; as such, it is reasonable to expect that anf-IL-
may be useful for EoE in patients with specific @yges. Our data supports the importance of stgdyin
anti-1L-5 therapeutics in patients from groups IMdav. Moreover, a recent report suggests thabfact
aside from IL-5 signaling may drive eosinophil sual in allergic disead® therefore cytokine
expression alone may not predict eosinophil sutvaral it would be beneficial to develop functional
assays to assess eosinophil responsiveness toinggoik inflammatory patients. It is interesting t
speculate that anti-IL-4R and anti-IL-13 based therapeutics may be partiyuleffectively against

subgroup 11l and 1V, which harbor the highest lsvef IL-13 mRNA.

Due to the nature of the CEGIR patient cohort,his tinalysis we were able to retrospectively examin
the relationship between inflammatory gene expoaesand patient characteristics in EoE; however, we

are unable to make conclusive statements regatimgatient population as a whole or over time. We
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found that K-means clustering using 5 clusters Iteduin reproducible groupings with biologically
meaningful distinctions; however, the current stuslynot sufficiently powered to claim that these 5
groups are intrinsic to the EoE population or togmse diagnostic or prognostic value of these efast
Future study will be necessary to evaluate patmrttomes in relation to type 2 gene expression.
Moreover, this is one of several studies that ssigggrogression from normal-like to inflammatonda
finally to fibrostenotic phenotypes. A longitudirehalysis to examine changes in patient gene esipres
and phenotype over time will be an important futatep for the fieldFuture studies should also be
designed to account for atopic status. Finally, g atopic status is reported for some patienthdan
CEGIR cohort, this information is not available fat patients and it therefore not feasible to obse
associations between atopic status and inflammagene expression. It will be important for future

studies to standardize the definition of atopitustand to ensure thorough collection of this infation.

In conclusion, we have identified substantial hegeneity of type 2 cytokine associated gene
expression in EOE, resulting in the identificatinfive groups of active EoE patients, all of whidb

not differ significantly in esophageal eosinophduats. Our findings support a non-linear model to
explain EoE pathogenesis, where cytokine expressidmeterogeneous and associated with distinct
endoscopic and histological features, and thatagdelL5 is not directly proportional to the degree of

histological pathology and endoscopic abnormalitesophageal eosinophilia, and tissue remodeling.
Our data supports a disease model wherein a Th2résponse transitions to a Th2 high response
associated with decreased barrier function, likelyresponse to allergic stimuli or food antigen

exposure. Effective treatment reduces eosinophimbers and is associated with decreased
inflammatory gene expression, and we propose thateru certain conditions this decrease in

inflammatory gene expression results in patienveneng to a relatively normal-like gene expression
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signature; however, over time patients, gene espmmesadopts a fibrotic profile with intermediate
inflammatory expression. Intermediate Th2 resporsesobserved in older patients and are associated
with fibrostenotic remodeling; interestingly, eastil levels remain relatively stable throughoutdé
phases. While this hypothesis needs to be validayddngitudinal studies, we present this pathogeni
model for consideration (as summarized in FigBY6,0ur model is consistent with the finding that the
development of fibrostenosis is proportional to léwgth of time that EoE is untreat&dhowever, we

are not proposing that this is the only pathwathi fibrostenotic endotype. These findings proade
potential molecular basis for heterogeneity of gratiresponsiveness to therapeutic interventionaand

emerging opportunity for personalized medicine apphes in the EOE field.
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TABLE 1: Patient Demographics

DUNN ET AL

I nactive Active P value
n =100 n =137
Age (years + SD; range) 23+17 28+17 0.07
(4-67) (5-71)
Male (%) 64.0% 69.3%
White (%) 95.0% 92.7%
EDP Score * 332+83 123+136 < 0.0001
Peak Eosinophil Count (eosinophils/HPF) 34 50+ 34 < 0.0001
Atopic Status
Allergic Rhinitis (%) 44.0% 38.7%
Asthma (%) 24.0% 25.5%
Eczema (%) 26.0% 24.1%
Food Allergy (%) 42.0% 40.9%
Ongoing Diet Therapy (%) 50.0% 51.1%
Current PPI Usage (%) 34.0% 39.4%
Current Oral Systemic Steroids (%) 0% 0%
Current Swallowed Topical Steroids (%) 59.0% 47.4%
History of Steroid Usage (%) 68.0% 71.5%
Response to Steroid — Symptom (% Effective) 73.5% 63.3%
Response to Steroid — Pathology (% Effective) 64.7% 51.0%

* EDP score calculated as the sum of delta Ct values.
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FigureLegends

FIG 1: Workflow diagram depicting sample inclus@amd categorization criteria. Biopsies with
confirmed active EOE were sorted into 5 groups by&ans clustering using inflammatory gehe$
IL5, IL13, CCL26, TSLP, CLC, CCR3, andCPA3. Using a published algorithf patients with active
EoE were assigned to one of three EoE endotypegyi€EoEel), inflammatory (EoEe2), or

fibrostenotic (EoEe3).

FIG 2: Th2-associated gene expression in patieitbsagtive and inactive EoE (A) Expression of genes
associated with eosinophil€l{C andCCR3) or mast cellsGPA3), Th2 activationI(5, IL13, IL4, and
TSLP), and eosinophil chemotaxi€CL26) was measured and normalized by subtracting tred Ct
GAPDH (ACt; active EOE n = 137, inactive EOE n = 100). n8igance was assessed by Mann-Witney
test. Dotted lines indicate limit of detection [B}pression of genes in the EDP was averaged across
active and inactive patients and differentially eegsed genes were identified and annotated. Gaties w
|[AACt| > 2 are indicated in blue if their expressiaasviigher in inactive patients or in red if their
expression was higher in active patient®? < 0.05, *** P< 0.001. The data shown includes the
cumulative results of all samples performed ove€é8tom TagMan Gene Expression Array Cards.

Experiments each supported the trends shown.

FIG 3: Expression of Th2 genes in active EoE idegtidistinct patient groups. (A) Five subgroups of
active EoE were identified by K-means clusteringdshon expression tf4, IL5, IL13, TSLP, CCR3,
CCL26, CLC, andCPA3. (B) Normalized expression of Th2 genes was coatpar inactive patients
and 5 groups of active patients. Bars indicatessieal differencesi < 0.05) between inactive patients

and specified groups, assessed by one-way ANOVA Biinnett’s post-test. (C) EDP score and patient
26



605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

DUNN ET AL

age were compared between inactive patients ancgagbups I-V by one-way ANOVA with Tukey
post-test. Maximum eosinophil count was comparadivuskal-Wallis test with Dunn’s post-test. Bars
indicateP < 0.05. The data shown includes the cumulativeltestiall samples performed over 78

Custom TagMan Gene Expression Array Cards.

FIG 4: Inflammatory and fibrostenotic phenotypesamIL5-high and intermediate groups. (A)
Histologic and (B) endoscopic scoring of patienithwnactive EoE or in Groups I-V. Statistical
significance determined by Kruskal-Wallis post-testween individual groups is indicated as shading.
(C) Features of the EoE histology scoring syste®@3Hand EoE endoscopic reference score (EREFS)
were scored for grade (0-3) and stage (0-3) acdosaps I-V. Significance between active patient
subgroups and inactive patients was calculated twithway ANOVA and Tukey post-test (shadiRg;
0.01). (D) EoE endotype assignment in groups ISfoups were found to be dependent on endotypes
according to Chi Square Exact Test (p < 0.000Dsiophilic infiltrates (El); basal zone hyperpkasi
(BZH); eosinophilic abscess (EA); eosinophilic sid layering (ESL); dilated intercellular spaces

(DIS); surface epithelial alteration (SEA); dysketea epithelial cells (DEC).

FIG 5: Differential gene expression in Th2 subgmy@) TheAA Ct values ACtcroup- ACtinacTIVE)

and accompanying statistical significance (-log1Bfivere calculated for the entire EDP in each group
with respect to patients with inactive EoE. Dotlieds indicate significance thresholds at —
log10(FDR)>2 andAA Ct| > 1. Genes of particular interest are anedtaiB)AA Ct values of the

highest up- and downregulated genes in each grahgespect to inactive EoE.
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FIG 6: Summary of study results and proposed desgschanism. (A) Groups I-V as defined in this
study were not statistically different on the basgigosinophil count but exhibited increased diseas
severity as assessed by cumulative EDP scoringresgion of cytokines and chemokines varied among
the 5 groups, which also differed in terms of mersbip in EOE endotypes 1-3. (B) Model depicting
patient progression from Th2-low phenotype (congtwégth EoEel) to a Th2-high phenotype
(congruent with EoEe?2) following allergic or inflamatory insult. Upon steroid treatment, food
elimination, or biologic therapy the Th2-gene esggien decreases and patients either resolve

inflammation by reverting to a Th2-low phenotypeadervelop a fibrostenotic (EoEe3) signature.
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Supplemental Table 1: CEGIR participants

Given Name | Surname Given Name | Surname Given Name Surname
J.Pablo Abonia Sandeep Gupta Robert Newbury
Seema Aceves Frank Hamilton Quan Nhu
Samuel Almonte Kirk Harris Oghenekpaobor (Joel)  Oyibo
Rachel Andrews Jennifer Harris Allisa Paliana
Ashley Arrington Ikuo Hirano Zhaoxing Pan
Nicoleta Arva Girish Hiremath Robbie Pesek
Fred Atkins Nicole Holland-Thomas Kathryn Peterson
Dominique Bailey Lea Jacinto Heidi Poppendeck
Alexis Berry Amir Kagalwalla Philip Putnam
Bridget Besl Timothy Kaseta Fabian Rivera
Scott Bolton David Katzka Marc Rothenberg
Peter Bonis Kaitlin Keeley Amanda Rudman-Spergel
Wendy Book Emad Khosh-Hemmat Kathleen Sable
Kimberly Bray Paneez Khoury Alain Schoepfer
Teresa Brown Eileen King Melissa Scott
Cassandra Burger Kara Kliewer Rachel Sheridan
Deirdre Burke Amy Klion Selma Sinanovic
Jonathon Cahoon Jennifer Knowles Jonathan Spergel
Kelley Capocelli Kendra Kocher Marylo Strobel
Mirna Chehade Ellyn Kodroff Kiki Sun
Margaret Collins leffrey Krischer Amy Tasco
Carla Davis Shay Kyle Crystal Tholen
Evan Dellon John Leung Katherine Thompson
Maureen DeMarshall Meredith Levy Tiffany Tomkinson
Lauren DiTommaso Chris Liacouras Daisy Tran
Ranjan Dohil Denise Mack Alexandra Tylicki
Michael Eby Lisa Martin Tiina Urv

Gary Falk Ellen Martin Mei-Lun Wang
David Fleischer Talaya McCright-Gill Joshua Wechsler
Heather Foote Paul Menard-Katcher Barry Wershil
Kelci Foss Calies Menard-Katcher Lisa Wheatley
Joel Friedlander Gabriela Mendoza Leah Wilkey
Patricia Fulkerson Melissa Mingler Guang-Yu Yang
Glenn Furuta Mike Minnicozzi Angelika Zalewski
Debra Geno Amanda Muir Amy Zicarelli
Nirmala Gonsalves Vincent Mukkada

Thomas Greuter Cristin Murray Petzold




Supplemental Table 2: Patient Characteristics by CEGIR site

oL Sample o EDP score Peak Eosinophil
Institution Count Age (Years/SD) [ Male (%) (SD) Count per HPF (SD)
Ann & Robert H. Lurl.e Children's Hospital 1 8.4 100% 219 9.00
of Chicago
Children's Hospital Colorado 45 10.9(3.7) 65% 217 (162) 28.5(33.6)
Cincinnati Chlldge;:el-riosp|tal Medical 59 13.8(5.1) 85% 208 (159) 35.6 (31.7)
Rady Children's Hospital San Diego 9 8.4(2.7) 50% 241 (204) 9.75(12.5)
The Children's Hospital of Philadelphia 4 10.9(2.5) 67% 101 (248) 23.0(27.9)
Tufts University 3 47.6(22.9) 100% 306 (25.2) 26.0(36.8)
University of California San Diego 1 67.1 100% 300 13.0
University of Colorado 27 39.5(8.0) 50% 139(146) 33.7(25.9)
University of N&:;;i?"” School of 53 41.2(14.8) 51% 195 (165) 41.3(48.2)
University of Pennsylvania 35 38.6(13.7) 67% 186 (156) 32.0(29.8)




Supplemental Table 3: Histologic and Endoscopic Scor es by Group.

Edema
Rings
Exudates
Furrows

EREFS

Stricture

Eosinophil Inflammation
Basal Zone Hyperplasia
Eosinophil Abscess
Eosinophil Surface Layering
Dilated Intercellular Spaces
Surface Epithelial Alteration
Dyskeratotic Epithelial Cells

HSS

Group | Group Il Group Il Group IV Group V
0.53 (0.51) | 0.75 (0.44) | 0.86 (0.36) | 0.94 (0.24) | 0.80 (0.42)
039 (0.72)| 0.75 (0.87)| 051 (0.78)| 0.67 (0.84) | 0.20 (0.42)
0.39 (0.64)| 0.69 (0.75)| 0.69 (0.83)| 0.78 (0.81)| 0.70 (0.82)
0.61 (0.59) | 0.97 (0.65)| 1.20 (0.72)| 0.83 (0.62) | 1.40 (0.70)
0.13 (0.34)| 0.17 (0.38) | 0.09 (0.28)| 0.28 (0.46) | 0.00 (0.00)
3.32 (1.85)| 3.81 (1.92)| 3.37 (2.22)| 3.83 (1.86) | 4.20 (1.81)
3.45 (2.20)| 4.03 (2.25)| 3.86 (2.55)| 4.17 (1.95)| 5.20 (1.93)
0.18 (0.87)| 0.14 (0.59) | 0.17 (0.57)| 0.28 (1.18) | 0.00 (0.00)
0.42 (1.08) | 0.72 (1.16) | 091 (1.56)| 0.39 (0.92) | 0.80 (1.32)
3.87 (2.48) | 4.14 (2.33)| 3.94 (2.65)| 4.44 (1.85)| 5.00 (1.89)
0.68 (1.34)| 1.14 (1.53)| 1.20 (1.81)| 1.17 (1.76) | 2.00 (1.83)
0.16 (0.72) | 036 (0.96) | 0.49 (1.38)| 0.78 (1.52) | 1.50 (2.01)

*Values are shown as mean (standard deviation).




Supplemental Table 4: Patient Treatment Status and History by Group

Ongoing Diet
Therapy

Oral Systemic
Steroids

PPI

Swallowed
Topical Steroids

History of
Steroid Usage
Responseto
Steroid
(Symptom)
Responseto
Steroid
(Pathology)
Disease Duration
Mean, Years
St.Dev.

Total Samples

Inactive
50 50%
0 0%
34 3%
59 59%
68 68%
50 50%
44  44%
5.764 3.64
100

Group |

21

0

17

21

28

19

14

7.289

38

55%

0%

45%

55%

74%

50%

37%

7.01

Group 11

17

0

15

19

25

15

12

47%

0%

42%

53%

69%

42%

33%

5.698 3.03

36

Group 111

17

13

13

22

13

12

49%

0%

37%

37%

63%

37%

34%

6.406 3.79

35

Group IV Group V
10 56% 6 60%
0 0% 0 0%
7 39% 1 10%
7 39% 6 60%
14 78% 10 100%
8 44% 8 80%
7 39% 6 60%
8.376 581 6.343 3.97
18 10

Total

121

87

125

167

113

95

237



