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INTRODUCTION

Celiac disease (CD) is an autoimmune enteropaitpyered by exposure to gluten proteins,
leading to intestinal inflammation and villous gthy in genetically predisposed individuals. It is
associated with robust B cell and antibody respetsgluten and to the transglutaminase 2
(TG2) autoantigen. In contrast, non-celiac gluten sensitivity (NCGS# poorly understood
clinical entity defined by onset of symptoms inpgesse to ingestion of gluten-containing food
without the prerequisite serologic or histologiatieres of CIF. There are no established
biomarkers yet for NCGS, but recent research pamésbiological basis, revealing a state of
systemic immune activation in conjunction with anpsomised intestinal epitheliufm®

We and others have demonstrated a significantaseren IgG antibody to gluten in NCGS
at levels similar to CB' . Accordingly, it has been speculated that an etdthigG response to
gluten may be a common link between CD and NEG®wever, whether and how B cell
reactivity to gluten may differ in these conditipespecially in the context of possible relevance
to intestinal pathology, have not been examined.

In this study, we extend earlier data to show thatanti-gluten IgG antibody in NCGS is
significantly different from CD in subclass distiion and in its relationship to intestinal cell
damage. The findings are suggestive of a sustginedhry B cell response to gluten in CD
despite the condition’s chronicity, and a more axtea and tolerogenic immune response to

gluten in NCGS.



Uhde et al., Page 4

METHODS

Detailed methods are available in Supplementaryhivtis.
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RESULTS

Demographic and clinical characteristics of studlgarts are included in Supplementary
Table 1.

The anti-gliadin 1gG response in CD patients wasmased primarily of IgG1 and IgG3,
which were significantly increased in comparisothvthe healthy and NCGS cohorts (Fig.
1A,1C). There was a modest elevation in anti-ghddiG2 compared with the healthy group and
no comparative increase in the 1gG4 subclass (BglLD). Within the NCGS cohort, however,
the lower contributions of anti-gliadin IgG1 and3§ in comparison with CD was compensated
by significantly elevated 1gG4 (compared with CRldwealthy cohorts) and IgG2 (compared
with healthy cohort) (Fig. 1A-D). No significantaxiation was detected in this cohort between
any anti-gliadin IgG subclass and the Marsh tydeAHDQ2/DQ8 status, or eligibility for
irritable bowel syndrome or functional dyspepsiagtiostic criteria.

The score plot for the principal component analgéithe 1gG subclass data demonstrated
clustering of the CD and NCGS subjects into distéergroups, further demonstrating the
contrasting subclass distributions and suggestotgnpial biomarker value in these data (Fig.
1E).

Serum concentrations of intestinal fatty acid-bigdprotein (FABP2), a specific marker of
intestinal epithelial cell damadewere similarly elevated in the CD and NCGS gromps
comparison with healthy cohort (P<0.0001 for edchyithin the CD group, only the anti-
gliadin IgG3 correlated with FABP2 (Fig. 1H). Thisrrelation was similar in strength to that
between anti-gliadin 1gG3 and anti-TG2 Igi-0.505,P=0.001). In contrast, FABP2 levels in

the NCGS group correlated with anti-gliadin 1IgG4l aveakly with IgG1 (Fig. 1M,1J).
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DISCUSSION

The observed contrast in the IgG subclass distabwnd relationship with FABP2 release
in NCGSversusCD are likely reflective of differences in the &woon and disease relevance of
B cell immune responses in the two conditions. AgitlgG subclasses, IgG1 and 1gG3 are the
most potent activators of complement and efficariinding a wide range of fies”. In
contrast, IgG2 antibodies generally require higigtope densities for complement activation
and display limited binding to FRs">. IgG4 antibodies contain structural properties fhether
distinguish them from other immunoglobulin isoty@esl IgG subclasses. They bind weakly to
Fc receptors and to complement, and are ineffi@eotosslinking of antigens or forming
immune complexes IgG4 has also been shown to induce an anti-inflatory M2-like
macrophage phenotype through inhibition ofyl%kignaling‘s. Considering these properties, the
observed increase in the gluten-reactive IgG2 g@dtIsubclasses and the correlation between
the IgG4 subclass and FABP2 in NCGS may pointpgméective response aimed at dampening
the inflammatory effect of other antibodies and ionma cells. It is intriguing that these antibody
responses are largely absent in CD, where thenstisad a correlation between the 1IgG3 and
FABP2.

The evolution in subclass switching of the 1gG asge to an antigen follows a 1-way
direction from IgG3 to 1gG1, IgG2, and IgG4 ovend. Once a B cell has switched to a
downstream subclass, it does not return to a piegexe’. It has been suggested that IgG2 and
IgG4 are part of the immunologic memory towardshiass and recurring antigens—an
advanced immune response stimulated by a moresixgeantigen exposufen addition, the
variable regions of IgG2 and IgG4 usually displagager levels of somatic hypermutation than

IgG1 or IgG3, which can result in higher affinityrftarget antigens As such, the prominence
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of the IgG3 subclass and its relationship withab®immune response and intestinal cell
turnover in CD is suggestive of repeated activatibgluten-specific naive B cells, rather than of
memory cells, in response to gluten exposure, teeie chronic nature of the disease. Pathways
involved in this phenomenon may represent a soofraolecular targets for therapeutic
intervention. Possible shortfalls of this studylite the lack of other disease controls and the
fact that these observational data cannot establestusal connection between subclass
differences and the disease process.

These data warrant further examination of the eiaiwf gluten-reactive B cell response
and subclass switching in CD and NCGS. In additioformation on other aspects of B cell and
antibody variability, including affinity, glycosyi@mn profile, and epitope specificity, is expected
to contribute to a greater understanding of difiess in the immune response to gluten and its
relationship with disease pathophysiology in the tenditions. In conjunction with other
previously identified markers, these componenthieimmune response to gluten are expected
to provide additional biomarkers that may be infative in the context of stratifying potential

disease subsets with varying mechanisms, prognasdsgesponses to therapy.
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FIGURE LEGEND

Figure 1. Distribution ofIgG subclass antibody reactivity to wheat gluted ezlationship with
intestinal epithelial cell damagA-D) Log of serum levels of IgG1 (A), IgG2 (B), IgG3 (@nd
IgG4 (D) antibody to Prolamine Working Group (PWgliadin in cohorts of healthy controls
and 1gG anti-gliadin-positive celiac disease (CBJ aon-celiac gluten sensitivity (NCGS)
patients, as determined by ELISA. Horizontal reedi indicate the median for each cohjt.
Principal component analysis score plot of therergnti-gliadin IgG subclass dataset (IgG1,
19G2, 1gG3, and IgG4) for CD (red) and NCGS (gregatjents. Subjects are plotted in three
dimensions using the first through third principamponents (PC1, PC2, and PG3M)
Relationship between FABP2 expression and IgG sgbantibody reactivity to gluten in CD
and NCGS patients. Serum FABP2 concentrations irp&tignts correlated with levels of anti-
gliadin 1gG3 antibody (H). In contrast, the NCG$od was characterized by a correlation
between the levels of anti-gliadin IgG4 antibodd &ABP2 concentration (M) and a weaker

correlation between anti-gliadin IgG1 antibody &ABP2 (J).



Celiac disease

NCGS

>
oy}
@]
O

P=0.001 P=0.003 P=0.027
100  _P<0.0001 _P=0.015 1009 pp023 1009 _P<0.0001 _P=0.004 100 —P<0.0001
= 'E' 5 5 s 5 P=0.001
< u < ° < a [ < i o2®
< 104 L) ~ - 10 A = ..:. S 10 . ]
8 : % 10- rl s (g’ : ’.. % 4 = ==
=) =2 2 . ege = '# = oy 5 o
S 14 " * < 4 L] o S 14 £ 14 A4 plgmm °
o ° 3 4 L kS ut s, B A
3 A = . 8 Ak Saaally 73T g ¥ " o 8 ‘““5 ugm
= o - 2 =] ° =) H
> ° =z 1 m *‘ o 2 A, 9 2z AL
g 014 2% g o H . 201 Af . 2011 Mu 5_-'
AA u
0.01 T T T 0.1 T T T 0.01 T T T 0.01 T T T
Healthy Celiac NCGS Healthy Celiac NCGS Healthy Celiac NCGS Healthy Celiac NCGS
disease disease disease disease
2 o0 o
[ ]
o &L,
o °
PC2 P ° . .
2 S . - ) ]
;". e Celiac disease
4 . * NCGS
L]
L ]
4 L] L]
PC3 O
4 4 O
0 2
PC1
= 5 P=0.002 =
= . =) =) . =)
2 . . ° ° <104 °® L < r=0.480 o® S:’lO' °.
NS ™ <
8 101 oo . % ° %10- o R ° g 'Y : o*
o ° . k=2 . = o° F 0 ® h= % °
° ° = ° [ 1 c 14 [ S PYS
c ' | G £ oq. 0 = J . = e®® o o
E ° e T B .~. ove ... d B e 8 8 ° 4, o °
© L [ = 1 [) = 14 o =
S 1] e et e 5% & Tete 5 e . o4 ° 3.‘ e
‘L_, s = (] ° = ° = ° °
g ° Z Z Z °
T T T T T T T T T T T T
0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10
FABP2 (ng/mL) FABP2 (ng/mL) FABP2 (ng/mL) FABP2 (ng/mL)
=) P=0018 o @ =) . S) 2 P<0.0001 . o
<104 r=0.263 o0 & N 10 - 104 o ?-" . J109 r=0474 o
- ° -
O] ° ° Q Q °
2 . o g . =) s ¢ 2 9] ¢ @ s 2’ 5 N :’o” ° °
£ ° ofge = .-’.° -g ° () ¢ g 1 )
R IR . .o.“ 4 8 o o % So1d ® °, ° B 'Y "
= %0 = ° ® > o) °
i . . * T e ht S . 0 & oot
= . o 2 S 0o oo o Zo01{ = oS,
< (] <C ° << Y <
0.1
T T 1 T T 1 T T 1 T T 1
0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10
FABP2 (ng/mL) FABP2 (ng/mL) FABP2 (ng/mL) FABP2 (ng/mL)

Figure 1 (Revised)




Uhde et al., Page S1

SUPPLEMENTARTY FILE

Subclass Profile of IgG Antibody Response to GluteDifferentiates

Non-Celiac Gluten Sensitivity from Celiac Disease

Melanie Uhde, PhD*%**" Giacomo Caio, MD?*" Roberto De Giorgio, MD;* Peter H. Green,

MD, **Umberto Volta, MD,® Armin Alaedini, PhD %378

!Department of Medicine, Columbia University Medi€ainter, New York, NY, US#Aqgstitute
of Human Nutrition, Columbia University Medical Gen New York, NY, USACeliac Disease
Center, Columbia University Medical Center, NewRY ®Y, USA?Department of Medical
Sciences, University of Ferrara, Arcispedale Sma#rFerrara, ltaly;Celiac Disease Center
and Mucosal Immunology and Biology Research CeMassachusetts General Hospital —
Harvard Medical School, Boston, MA, USBepartment of Medical and Surgical Sciences,
University of Bologna, Italy‘Department of Medicine, New York Medical Collegah¥llla,

NY, USA.

*Contributed equally

8Corresponding author: aa819@columbia.edu

Journal: Gastroenterology



Uhde et al., Page S2

Supplementary Methods

Patients and controls. The study included 80 individuals with non-celidatgn sensitivity
(NCGS) who met the diagnostic criteria propose@iexpert group and who were identified
using a previously described structured symptonstiprnaire” 3 (a modified version of the
Gastrointestinal Symptom Rating Scale (GSRS) desigo rate symptoms commonly
associated with NCGS). All NCGS subjects reportgueeencing gastrointestinal and/or extra-
intestinal symptoms after ingestion of gluten-camtey foods, including wheat, rye, or barley.
The most common gastrointestinal symptoms includedting, abdominal pain, diarrhea,
nausea, and heartburn, while the most prominend-éxtestinal symptoms were fatigue,
headache, anxiety, cognitive difficulties, and nmeds in arms and legs. The reported symptoms
in all subjects improved or disappeared when tliosés were withdrawn for a period of 6
months, and recurred when they were re-introduced period of up to 1 month. Individuals
were excluded if they were already on a restriatid or had used nonsteroidal anti-
inflammatory drugs within the past 6 months, ifytlveere positive for the celiac disease-specific
intestinal histologic findings or the IgA anti-emdgsial or -transglutaminase 2 (TG2)
autoantibodies, or if they were positive for whaiérgy-specific IgE serology or skin prick test.
A history of autoimmunity or autoantibody reactywwas present in 20 NCGS patients (25%),
represented mainly by Hashimoto’s thyroiditis agdahtinuclear antibody positivity
(demonstrated by indirect immunofluorescence on-BEglls), similar to previously published
data® °. In addition, 49 patients (61.2%) met criteria ifoitable bowel syndrome and 63
(78.8%) for functional dyspepsia according to Rdmé& ’. All patients underwent an
esophagogastroduodenoscopy with gastric biopsyléooutH. pylori infection. A total of 6

intestinal biopsies, including 2 from the duoddmalb and 4 from the distal duodenum, were
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taken from each individual. The study also includ8datients with biopsy-proven celiac
disease (CD) and 40 healthy subjects, recruitguhef the same protocol that included the
NCGS individuals. All cases of CD were positive lgA anti-endomysial and IgA anti-
transglutaminase 2 (TG2) autoantibodies, biopsyqmopand diagnosed according to established
criteria®. Rome IV® °, GSRS' and SF-36 Health Survéywere utilized to evaluate the

general health of unaffected controls. Individwale had a history of liver disease, liver

function blood test results (total protein, asgarteansaminase, alanine transaminase, alkaline
phosphatase, albumin, globulin, and bilirubin) @esf normal range, or a recent infection were
excluded from all cohorts in the study. Cases éfdgficiency and IgG subclass deficiency were
excluded from all cohorts. Inflammatory bowel dseavas ruled out in all cases.

All samples were collected at time of study enthyjle/participants were on an unrestricted
(gluten-containing) diet with written informed c@mt under institutional review board-approved
protocols at St. Orsola-Malpighi Hospital, Bologitaly. Serum specimens were kept at -80 °C to
maintain stability. This study was approved by lteitutional Review Board of Columbia
University Medical Center.

Assays. Serum levels of total IgG reactivity to gluten andividual IgG subclass reactivities
to gluten were measured separately by an enzyrkediimmunosorbent assay (ELISA),
similarly to our prior studie¥ ** The antigen used for the assays was the Prolawiatking
Group (PWG) reference gliadin, as previously désetiand characterizétt '* A 2 mg/mL
stock solution of the PWG gliadin was preparedOfb6/ethanol. Wells of 96-well Maxisorp
round-bottom polystyrene plates (Nunc, Roskildenmark) were coated with 50 pL/well of a
0.01 mg/mL solution of protein in 0.1 M carbonatdfer (pH 9.6) or left uncoated to serve as

controls. After incubation at 37°C for 1 h, wellene washed and blocked by incubation with
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1% bovine serum albumin (BSA) in PBS containingb®0Tween-20 (PBST) for 1.5 h at room
temperature. Serum samples were diluted at 1:3&dhat 50 pL/well in duplicates, and
incubated for 1 h. Each plate contained a posaordgrol sample with a high level of relevant
IgG subclass reactivity to gluten, as determinea preliminary screen. After washing, the wells
were incubated with HRP-conjugated anti-human IgGfe Technologies), IgG2 (Life
Technologies), IgG3 (Life Technologies), or IgG4¢ern Biotech) secondary antibodies

50 min. Plates were washed andu&0of developing solution, containing 27 mM citricid, 50
mM NaHPO,, 5.5 mMo-phenylenediamine, and 0.01%®3 (pH 5), was added to each well.
Absorbance was measured at 450 nm after 20 mirsafdiples were tested in duplicate.
Absorbance values were corrected for non-spedifidibg by subtraction of the mean
absorbance of the associated BSA-coated contrdé \idle corrected values were first
normalized according to the mean value of the p@sdontrol duplicate on each plate. The mean
antibody level for the healthy control cohort whaert set as 1.0 AU and all other results were
normalized to this value. The cutoff value foriagitadin 1gG positivity was assigned as two
standard deviations above the mean for the heatthirol group.

Serum levels of intestinal fatty acid-binding piotcFABP2) were measured as we have
previously describetf. FABP2 is a cytosolic protein specific to intestiepithelial cells that is
released into systemic circulation upon cellulandge’® Increased concentrations of circulating
FABP2 reflect epithelial cell loss and enhanceeeyte turnover ratt™’ and have been
associated with both CD and NC&SIgA antibody to recombinant human TG2, a sensitiad
specific serologic marker for Ct5, was measured in all serum samples as previousiyed ',

HLA genotyping to assess CD genetic predispositiaa done as shown befdfe
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Data analysis. Group differences were analyzed by the Kruskal-Walhe-way analysis of
variance with post-hoc testing. Correction for npét comparisons was done using Dunn’s
statistical hypothesis testing and the multipli@tjusted P values are reported for each
comparison. Correlation analysis was performedgu§pearman’s. A multivariate principal
component analysis (PCA) was carried out on thieeelyG subclass dataset to assess clustering.
All P values were 2-sided, and differences were coraidstatistically significant &<0.05.

Statistical analyses were performed with Prism &pGPad) and Minitab 19 (Minitab).
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Supplementary Table 1. Demographic and clinical chacteristics of study cohorts.

Subject group Number of Mean age— Female sex— Celiac disease-associated Intestinal biopsy histologic
subjects years [SD] no. (%) HLA DQ2 and/or DQ8— grade: Marsh 0; Marsh 1;
no. (%) Marsh 3—no. (%)
NCGS 80 34.6 [10.3F 62 (787 21 (26)° 48 (60); 32 (40): B
Celiac Disease 40 345[13.7f 30 (75f 40 (1000 0, 0, 40 (100§
Healthy 40 35.0[12.8f 30 (75" - -

#No statistically significant differences existieen NCGS, celiac disease, and healthy cohorts.

b Statistically significant differences exist betwekn celiac disease and NCGS cohorts (P<0.000dllfoomparisons).
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