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ABSTRACT
Objective: The prevalence of celiac disease (CD) has increased significantly
in recent years, and risk prediction and early diagnosis have become
imperative especially in at-risk families. In a previous study, we identified
individuals with CD based on the expression profile of a set of candidate
genes in peripheral blood monocytes. Here we evaluated the expression of a
panel of CD candidate genes in peripheral blood mononuclear cells from atrisk infants long time before any symptom or production of antibodies.
Methods: We analyzed the gene expression of a set of 9 candidate genes,
associated with CD, in 22 human leukocyte antigen predisposed children
from at-risk families for CD, studied from birth to 6 years of age. Nine of
them developed CD (patients) and 13 did not (controls). We analyzed gene
expression at 3 different time points (age matched in the 2 groups): 4–19
months before diagnosis, at the time of CD diagnosis, and after at least 1 year
of a gluten-free diet. At similar age points, controls were also evaluated.
Results: Three genes (KIAA, TAGAP [T-cell Activation GTPase Activating
Protein], and SH2B3 [SH2B Adaptor Protein 3]) were overexpressed in
patients, compared with controls, at least 9 months before CD diagnosis.
At a stepwise discriminant analysis, 4 genes (RGS1 [Regulator of G-protein
signaling 1], TAGAP, TNFSF14 [Tumor Necrosis Factor (Ligand)
Superfamily member 14], and SH2B3) differentiate patients from controls
before serum antibodies production and clinical symptoms. Multivariate
equation correctly classified CD from non-CD children in 95.5% of patients.
Conclusions: The expression of a small set of candidate genes in peripheral
blood mononuclear cells can predict CD at least 9 months before the
appearance of any clinical and serological signs of the disease.
Key Words: celiac disease, celiac disease first-degree relatives, gene
expression, presymptomatic diagnosis, risk factors
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What Is Known




A panel of genes associated to celiac disease have a
confirmed role in the pathogenesis of gluten-induced
immune response.
The expression of 12 genes clearly identify celiac from
non-celiac disease subjects in mucosa and in peripheral blood monocytes.

What Is New


At least 9 months before any presence of antibodies
in the serum or clinical signs, the expression of a small
set of celiac disease candidate genes in peripheral
blood mononuclear cells predict the development of
celiac disease in at-risk infants.

T

he estimated prevalence of celiac disease (CD) in first-degree
relatives is as high as 10%, which is 10 times higher than in the
general population (estimated around 1%) (1–4). Concordance in
monozygotic twins is higher than 80%; there is a strong genetic
component, which is unusual for a multifactorial disease (5).
Recurrence in families is an important source of new patients
and an early diagnosis in these at-risk families become an urgent
challenge (3,4).
Recently the European Society for Paediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN) recommended
to limit the use of small intestinal biopsy for the diagnosis of CD,
opening the perspective of non-invasive diagnosis in child or
adolescent with typical CD symptoms, tissue-transglutaminase
IgA higher than 10 times the reference value and presence of
human leukocyte antigen (HLA)-DQ2/-DQ8 genes (6).
Unfortunately, the molecular features of CD genetics are still
not fully elucidated. Although 95% of patients carry HLA-DQ2/DQ8, this trait explains just 35% to 40% of the genetic variance
(7,8). Repeated genome-wide association studies identified up to 57
single-nucleotide polymorphorphisms (SNPs) associated to CD, but
they accounted for just a small fraction (approximately 6.5%) of the
heredity of CD; together with HLA they explained about half the
heredity (9–18).
Given the complexity of CD, the genetic data available are
not yet sufficient for disease prediction. In an attempt to obtain
functional data, we previously explored the expression of a set of
CD-associated genes in peripheral blood monocytes (PBMs) easily
available, rather than in the intestinal mucosa tissue (19). Indeed,
Ontiveros et al (20) showed that plasma levels of inflammatory
cytokines in whole blood collected after acute (3 days) oral gluten
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challenge could differentiate patients with CD from controls who
have adopted gluten-free diet (GFD) for at least 6 months.
These results encouraged us to explore the adoption of
peripheral blood mononuclear cells (PBMCs) as a tool for
diagnosis of CD instead of intestinal biopsy. A multicenter
randomized study has been performed trying to reduce the risk
of CD in children with a first-degree relative affected by CD. This
study aimed to identify risk factors associated with CD (breastfeeding, time and quantity of gluten introduction, other environmental and genetic factors) by following them from birth to 5
years of age (21). This study allowed collecting serial blood
samples from a subset of infants at risk for CD at fixed time
points from birth up to 6 years of age, developing an adequate
structure for a longitudinal study.
The aim of the present study is to longitudinally evaluate the
expression of a panel of CD-candidate genes directly in PBMCs, in
genetically predisposed children with a first-degree relative
affected by CD, before the appearance of any clinical or serological
markers of CD.

PATIENTS AND METHODS
Population Enrolled in the Study
Participants were infants from the Italian cohort of newborns
from at-risk families (ie, families with at least a case of CD), bearing
HLA-DQ2 or -DQ8, monitored from birth to 6 years of age, enrolled
during the PREVENT-CD study (21,22). Subjects were monitored
clinically and serologically (anti-tissue-transglutaminase antibody
[anti-tTG]) every 3 to 6 months from birth to 6 years old. In children
who developed anti-tTG antibodies, CD was confirmed by a small
intestinal biopsy (21,22). We analyzed 9 children who developed CD
at a median age of 30 months, and 13 age- and sex-matched controls
(children from the same cohort who did not develop CD up to 6 years
of age). Among infants who developed CD, 5 were asymptomatic, 4
had symptoms, 3 showed growth retardation, of which one was
associated to diarrhea, the 4th had recurrent abdominal pain.
In the PREVENT-CD cohort studied in our center, 24
children became celiac before 6 years of age. Unfortunately, the
number of samples of sufficient size and quality required for this
study was lower because of progressive deterioration of samples for
the long-time span from recruitment to the disclosure of the doubleblind design of the study (>6 years). Therefore, only for the 9
patients here analyzed, we were able to use the biological material
in all time points established in this work. No selection bias could be
envisaged in this subsample.

Management of Samples
Genotyping was performed on DNA obtained from cord blood.
Gene expression was assessed on blood sample of 9 subjects (CD
patients) in 3 different time points: before antibody production (Time
1), which ranged from 4 to 13 months of age, median 12 months; at the
age of anti-tTG positivity and confirmed diagnosis (Time 2), which
ranged from 18 to 50 months, median 30 months of age; and at least 1
year after starting GFD (Time 3), which ranged from 36 to 48 months,
median 36 months of age. Blood samples were collected at similar
time points from 13 controls at Time 1, which ranged from 5 to 19
months of age, median 7 months; at Time 2, which ranged from 18 to
50 months, median 18 months of age; and at Time 3, which ranged
from 23 to 62 months, median 36 months of age. None of the infants
neither in the group who became celiac nor in the group that did not
developed CD produced any measurable level of anti-tTG at the time
T1 when Gene Expression was first examined.
In all CD patients, and in 6 of the 13 controls, a duodenal
biopsy was performed according to PREVENT-CD protocol based

Presymptomatic Diagnosis of Celiac Disease in Predisposed Children
on clinical or serological suspicion. Of these 6 controls, 1 had
diarrhea, whereas the other 5 were asymptomatic but showed at
least 1 positive value of CD-associated antibody (anti-gliadin
antibodies [AGA], anti-tissue transglutaminase [anti-tTG], endomysial antibodies [EMA]) (22). In all controls, the diagnosis of CD
up to 6 years of age was excluded. Features of each subject enrolled
in this study are listed in Table 1.

Ethics Statement
The study protocol was approved by the ethics committee of
the University of Naples Federico II. Biopsies were taken during
routine hospital admission requested for diagnostic purposes:
parents or guardian gave their informed consent about the endoscopic procedures and the biopsy. Patients did not undergo specimen sampling over and above those requested by the routine
diagnostic procedures according to the ESPGHAN guidelines (6).

Isolation of Peripheral Blood Mononuclear Cells
Blood was obtained while children were in stable clinical
conditions without any acute illness in the last 3 weeks. Blood
samples (4–5 mL) were collected and PBMCs were isolated by
Ficoll gradient according to the manufacturer’s protocol. PBMCs
were frozen and stored incryoprotective media containing 10%
dimethylsulfoxide and fetal bovine serum.

RNA Extraction and Gene Expression Studies
Total RNAwas extracted from PBMCs using TRIZOL Reagent
(Life Technologies, Foster City, CA). The quantity of RNA was
measured using a Nanodrop spectrophotometer and RNA quality
was analyzed using agarose gel electrophoresis in Tris/Borate/ethylenediaminetetraacetic acid buffer. The RNA (1 mg) was reverse
transcribed into cDNA using the High Capacity cDNA Reverse
Transcription kit (Life Technologies). The experiments were performed with a 7900HT Fast Real-Time polymerase chain reaction
(PCR) system using the TaqMan Gene Expression Assay (Life
Technologies), and approximately 40 ng of cDNA according to the
manufacturer’s instructions. The relative expression of each gene was
obtained using the DDCt method, and normalized to an endogenous
housekeeping gene Glucoronidase (GUSb). We used GUSb as reference gene after it was identified as the most stable reference gene of 5
candidates (b-actin, B2M, GAPDH, GUSb, and HPRT1). In particular,
the relative quantification (RQ) was calculated normalizing each
sample against the mean value of T2 samples of unaffected subjects.
The SDS software (ABI, version 1.4 or 2.4, Life Technologies, Foster
City, CA) was used to analyze raw data, and statistical analysis was
performed on GraphPad Prism 5.01H. Gene expression experiments
were conducted according to minimum information for publication of
quantitative real-time PCR experiments (MIQE) guidelines (http://
www.gene-quantification.de/miqe-bustin-et-al-clin-chem-2009.pdf).
The candidate genes evaluated, and their respective assays used for the
analysis are listed in Supplemental Digital Content, Table 1, http://
links.lww.com/MPG/A885.

Genotyping
Patients were genotyped for a set of candidate genes as
described elsewhere and for HLA (23,24). Patients and controls
were grouped into 5 HLA-haplotype classes, as reported previously
(24). Nine non-HLA SNPs, located in the candidate genes and listed
in the Supplemental Digital Content, Table 2 (http://links.lww.com/
MPG/A885), were analyzed by genotyping assay.
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TABLE 1. Individual characteristics of patients enrolled in the study

UIC

Sex

Status

T1
Before-CD

Age (mo) T2
At CD-diagnosis

T3
At-GFD

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22

Male
Male
Female
Female
Female
Female
Female
Female
Female
Male
Male
Female
Female
Female
Female
Male
Female
Female
Female
Male
Female
Male

CD
CD
CD
CD
CD
CD
CD
CD
CD
No-CD
No-CD
No-CD
No-CD
No-CD
No-CD
No-CD
No-CD
No-CD
No-CD
No-CD
No-CD
No-CD

9
13
9
12
12
12
12
9
4
6
9
9
4
6
19
9
5
8
9
6
9
6

18
30
20
32
50
25
37
20
35
18
24
25
25
19
35
18
12
12
20
12
17
18

36
47
36
48
NA
36
NA
37
NA
NA
48
62
48
27
42
35
23
23
36
23
61
36



Histology
M3a/b/c
M3a/b/c
M3a/b/c
M3a/b/c
M1
M3a/b/c
M3a/b/c
M3a/b/c
M3a/b/c
M0
M0
M0
M1
M1
M1
NA
NA
NA
NA
NA
NA
NA

At T1y
(U/mL)

Anti-tTG
T2y (U/mL)

T3y
(U/mL)

HLA-DQ

Proband
in family

0.50
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

>100.00
67.10
>100.00
36.00
>100.00
8.00
>100.00
>100.00
>100.00
0.10
0.10
0.10
0.20
4.50
4.80
0.10
0.20
0.10
0.10
0.10
0.10
2.40

5.20
0.90
0.10
0.20
0.10
0.10
0.80
0.80
0.10
0.10
0.10
0.10
0.50
1.00
0.60
0.10
0.10
0.10
0.10
0.10
0.10
0.30

DQ2.5/X
DQ2.5/X
DQ2.5/DQ7
DQ2.2/X
DQ2.5/DQ2.2
DQ2.5/X
DQ2.5/DQ2.2
DQ2.5/DQ2.2
DQ2.2/DQ7
DQ2.5/DQ7
DQ2.2/X
DQ2.5/DQ2.2
DQ8/X
DQ2.2/DQ7
DQ2.2/DQ7
DQ2.2/X
DQ2.5/DQ7
DQ2.2/DQ7
DQ8/X
DQ2.2/X
DQ2.5/DQ8
DQ2.2/DQ2.2

Mother
Father
Mother
Father þ Sib
Mother
Sibs
Mother
Father þ Sib
Sibs
Sibs
Mother
Motherþ Sib
Mother
Father
Sibs
Motherþ Sib
Mother
Sibs
Sibs
Mother
Sibs
Sibs

anti-tTG ¼ anti-tissue transglutaminase; CD ¼ celiac disease; GFD ¼ gluten-free diet; T1 ¼ before antibody production; T2 ¼ age at appearance of
antibodies and mucosal damage; T3 ¼ at least 1 year after diagnosis on GFD; NA ¼ not available; UIC ¼ unique identification code.

For the diagnosis of CD Marsh classification has been applied, all biopsied controls have a normal duodenal mucosa with no atrophy (Marsh lesion stage M0-M1).
y
Reference values of anti-tTG: Negative: <4.0 U/mL; Doubt: >4.0 and <10.0 U/mL; Positive: >10.0 U/mL.

The SNPs were genotyped using TaqMan technology (Life
Technologies) using TaqMan SNP Genotyping Assays on a 7900HT
Fast Real-Time PCR System (Applied Biosystems, Foster City,
CA); the final volume was 15 mL, containing master mix, TaqMan
assays and about 60 ng of genomic DNA template.

significantly between patients and controls. Three patients but no
controls are, however, homozygote for DQ2. Five of the 13 children
in the latter group have an HLA low-risk class (DQ8 or heterozygote for DQ2).

Genotyping of Candidate Genes

Statistical Analysis
Non-parametric rank sum test was adopted to compare gene
expression because of the small sample size. Frequencies were
compared using the x2-test, with probability for null hypothesis
equal to 0.05. A discriminant analysis was performed to estimate the
contribution of the genotype and or the expression of each gene to
distinguish patients from controls. Wilks’ lambda provides an
estimate of the cumulative discriminating capacity between 2
groups produced by the multivariate combination of variables,
ranging from 1 ¼ complete overlap to 0 complete distance.
By multiplying the standardized value of each variable
included in the stepwise discriminant equation by its respective
regression coefficient we obtain a discriminant score D, which
express the spatial location of each individual to the right or to the
left: it is then possible to assign the individual to the group of
patients or the group of controls, only on the basis of the genetic
data, blind to the final conclusive diagnosis. Hence, the percentage
of correct classification may be obtained. Statistical analyses were
performed with the SPSS 17.0 (SPSS Inc, Chicago, IL).

RESULTS
Human Leukocyte Antigen Genotyping
Due to the a priori selection of genetically predisposed
children, the distribution of HLA genotypes did not differ

Although there were few chances to observe significant
differences between the 2 groups, because of the small sample
size, 3 of 9 candidate genes explored showed a different distribution
of the risk allele. For ReticuloEndotheliosis Viral Oncogene homolog (cREL) and SH2B Adaptor Protein 3 [SH2B3] genes the risk
allele ‘‘A’’ is more frequent in patients, than in controls, whereas
for Tumor Necrosis Factor Receptor Superfamily member 14
(TNFRSF14) the ‘‘A’’ allele is less frequent (Supplemental Digital
Content, Table 2 and Fig. 1, http://links.lww.com/MPG/A885).

Gene Expression Analysis of Candidate Genes
Time 1 (Before Symptoms or Anti-tTG Production)
KIAA, T-cell Activation GTPase Activating Protein
(TAGAP), and SH2B3 expression was higher in patients before
CD diagnosis, with differences of RQ of 0.6-, 0.5-, and 0.7-fold
higher in patients versus controls, respectively. The expression of
Tumor Necrosis Factor (Ligand) Superfamily member 14
(TNFSF14) and Regulator of G-protein signaling 1 (RGS1) was
higher in controls (Fig. 1A), with differences of RQ level of 1.5, and
1.2-fold higher in controls versus patients. The differences were
statistically significant for TAGAPSH2B3 and TNFSF14 (MannWhitney U test, P < 0.05), but not significant for KIAA and RGS1
(Supplemental Digital Content, Table 3 and Fig. 1, http://links.lww.
com/MPG/A885).
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Gene experession analysis before diagnosis
6.0
5.5
5.0
4.5
P = 0,1418

4.0

*

RQ

3.5

P = 0,0275

3.0

CD patienrs

P = 0,0825

*

2.5

P = 0,0231

NOT-CD

2.0

*

P = 0,0449

1.5
1.0
0.5

4

RG
S1

FS

P22

P21

P20

P19

P18

P17

P16

P15

P14

P13

P12

P11

P9

P10

P8

P7

P6

P5

P4

P3

P2

D-score
P1

4.0

TN

SH

B
5.0
4.5

F1

3
2B

TA
G
A
P

KI
A
A

0.0

3.5
3.0
2.5
2.0
D-score

1.5
1.0
0.0
–0.5
–1.0
–1.5
–2.0
–2.5
–3.0
–3.5
–4.0
–4.5
–5.0

FIGURE 1. (A) mRNA expression of candidate genes in PBMC at least 9 months before the diagnosis (Time 1). KIAA, TAGAP, and SH2B3 expression
was higher in 9 patients than in 13 controls, with the differences of RQ level of 0.6, 0.5, and 0.7-fold change, respectively. TNFSF14 and RGS1

expression was lower in patients than in controls, with differences of RQ level of 1.5, and 1.2. Mann-Whitney U test P < 0.05. (B) Distribution of
the discriminant score in patients and in controls. The D-score clearly separated the 2 groups of subjects evaluated. Only 9 patients had a negative
D-score. PBMC ¼ peripheral blood mononuclear cells; RGS1 ¼ Regulator of G-protein signaling 1; TAGAP ¼ T-cell Activation GTPase Activating
Protein; TNFSF14 ¼ Tumor Necrosis Factor (Ligand) Superfamily member 14.

Time 2 (Diagnosis)
At moment of CD diagnosis, only 2 genes, SH2B3 and
TNFRSF14, showed significant higher expression in patients versus
controls, with a differences of RQ level of 0.5, and 0.6-fold (MannWhitney test P ¼ 0.02 and 0.04, respectively) (Supplemental
Digital Content, Fig. 1, http://links.lww.com/MPG/A885).

Time 3 (1 Year After Diagnosis)
The expression of the genes examined did not differ significantly between the 2 groups at time point 3 (data not shown).

Multivariate Analysis of Candidate Genes
Genotyping
Considering the observed differences in genotype distribution in patients versus controls (Supplemental Digital Content,
Table 2, http://links.lww.com/MPG/A885), we explored the combined profile of the 9 candidates’ genes in the patients compared
with controls. In a stepwise multivariate discriminant analysis,
5 genotypes significantly discriminated between CD and
controls, with a correct classification of 91% (Table 1 panels A
and B).
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TABLE 2. Discriminant analysis of candidate genes genotype
Variance ratio F
Step

Genotype

Wilks’ lambda

Statistic

13.091
10.292
7.973
7.908
7.233

P

0.002
0.001
0.001
0.001
0.001

Predicted group
Status

CD

Not CD

(B) Classification by discriminat equation of genotypes
Original group
CD
8 (89%)
1 (11.1%)
Not CD
1 (7.7%)
12 (92.3%)
Overall correct classification ¼ 91%

Genotype

Wilks’ lambda

Statistic

(C) Stepwise discriminat analysis of gene expression at T1
1
TAGAP
0.742
6.938
2
TNFSF14
0.542
8.019
3
SH2B3
0.446
7.453
4
RGS1
0.366
7.377

CD

Not CD

(D) Classification by discriminat equation of gene expression at T1
Original group
CD
9 (100%)
0 (0%)
Not CD
1 (7.7%)
12 (92.3%)
Overall correct classification ¼ 95%

Wilks’ lambda

Statistic

(A) Stepwise discriminat analysis of combined genotype and gene
expression at T1 of candidate genes
1
SH2B3 genotype
0.604
13.091
2
RGS1 genotype
0.480
10.292
3
cREL expression at T1
0.340
11.626
4
TNFRSF14 genotype
0.260
12.066
5
SH2B3 expression at T1
0.217
11.523
6
TNFSF14 genotype
0.190
10.656

P

0.002
0.001
0.000
0.000
0.000
0.000

Predicted group
9
13

Status

CD

Not CD

Total

(B) Classification by discriminat equation of combined genotype and gene
expression at T1 of candidate genes
Original group
CD
9 (100%)
0 (0%)
9
Not CD
0 (0%)
13 (100%)
13

P
Predicted group by Jacknife iterative exclusion
0.016
0.003
0.002
0.001

Predicted group
Status

Genotype

Total

Variance ratio F
Step

Volume 65, Number 3, September 2017

TABLE 3. Discriminant analysis combining genotype and gene expression and of candidate genes before diagnosis (Time 1)
Variance ratio F
Step

(A) Stepwise discriminat analysis of genotypes
1
SH2B3
0.604
2
RGS1
0.48
3
TAGAP
0.429
4
cREL
0.35
5
LPP
0.307



Total

9
13

(A) Five genes (SH2B3, RGS1, TAGAP, cREL, and LPP) were selected for
discriminating capacity, with a P value <0.001. (B) Results of the prediction
analysis: 92.3% of controls and 89% patients were correctly classified.
Panels 1 (C and D) Discriminant analysis of candidate genes gene expression
before diagnosis (Time 1). (C) Four genes significantly contributed to lower
Wilks’ lambda (P < 0.001); TAGAP, TNFSF14, SH2B3, and RGS1 were
selected for discriminating capacity. (D) Results of the prediction analysis:
92.3% of controls and 100% of patients were correctly classified.
CD ¼ celiac disease; LPP ¼ Lipoma Preferred Partner; RGS1 ¼
Regulator of G-protein signaling 1; SH2B3 ¼ SH2B Adaptor Protein 3;
TAGAP ¼ T-cell Activation GTPase Activating Protein; TNFSF14 ¼
Tumor Necrosis Factor (Ligand) Superfamily member 14.

Multivariate Analysis of Candidate Genes
Expression
Since gene expression is inter-correlated within the same cell
type; the expression of each candidate gene may not provide an
accurate picture of eventual differences between groups. Some
genes may be over-expressed due to the effect of another gene
in the same pathway. In a stepwise discriminant analysis (Table 2
panels A and B), the combined expression of 4 genes (TAGAP,
TNFS14, SH2B3, and RGS1) significantly discriminated between
patients and controls before diagnosis (Time 1); in fact, it correctly
predicted 9 of 9 patients and 12 of 13 controls (overall 95% correct
prediction). Figure 1B shows the discriminant score obtained by

Status

CD

Not CD

Total

(C) Classification by discriminat equation of combined genotype and gene
expression at T1 of candidate genes
Original group
CD
7 (77.8%)
2 (22.2%)
9
Not CD
2 (15.4%)
11 (84.6%)
13
(A) The genotype or the expression of 5 genes significantly contributed to
lowering Wilks’ lambda in a stepwise process (SH2B3 genotype, RGS1
genotype, cREL expression at T1, TNFRSF14 genotype, and TNFSF14
genotype) and were selected for discriminating capacity. (B) Computing the
relative membership probability by the discriminant score, 100% of patients
were correctly classified. (C) Cross validation analysis 84.6% of controls and
77.8% patients were correctly classified.
CD ¼ celiac disease; RGS1 ¼ Regulator of G-protein signaling 1;
SH2B3 ¼ SH2B Adaptor Protein 3; TAGAP ¼ T-cell Activation GTPase
Activating Protein; TNFSF14 ¼ Tumor Necrosis Factor (Ligand) Superfamily member 14

combining the expression of the 4 selected genes in each individual
case. All of the children with CD had a negative D-score and all
those without CD had a positive D-score, no child was wrongly
classified as ‘‘CD.’’

Multivariate Analysis Combining Genotype
With Gene Expression
Although a discriminant function based on a relatively small
sample performs well in prediction, it may not be sufficiently
reliable for diagnostic purposes. To enhance the robustness of
the model, we pooled the genotyping and gene expression data
at Time 1, and applied the stepwise multivariate approach reported
above. Table 3 shows the performance of genotypes and expression
of the candidate genes.
The genotypes of 2 genes (SH2B3 and RGS1) were the most
powerful in discriminating between patients and controls. The
expression of cREL increased the discriminating capacity. The next
most powerful discriminator was the TNFRSF14 genotype, followed by SH2B3 expression, and finally the TNFSF14 genotype
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(Table 3A). This combination resulted in a low Wilks’ lambda
(0.604–0.190); consequently, this discriminant equation allowed to
correctly classify 100% of subjects (Table 3B).
To verify the robustness of the model, we adopted an autoexclusion strategy (each individual was predicted by an equation
excluding his own data, iteratively) to obtain an unbiased estimate
of the predicting capacity of the discriminant function. In this case,
only 2 of 9 CD patients were not predicted as CD, and only 2 of 13
controls were wrongly predicted as CD; 81.8% of CD patients and
controls were correctly classified (Table 3C).

DISCUSSION
Children from families at risk for CD have a consistent risk of
occurrence, from 1% to >20% depending on their HLA (5); they
contribute notably to the growth of the celiac population. In fact, in
Europe, with a population around 740,000,000, 5 to 7 million CD
patients are likely to generate several tens of thousands of affected
children each year. Over and above the HLA risk, we recently
showed that, within each HLA risk class, the presence of an ‘‘at-risk
allele’’ of only 3 candidate genes significantly increases the precision of the estimate of risk of occurrence, with a refined range of
risk estimate ranging between 0.04 and 0.08 in DQ8-carrying
individuals and between 0.17 and 0.23 in DQB102 homozygote
(23). The HLA genotype in addition to the genotype of the
candidate genes, however, explains less than half the variance of
CD heredity. The other half resides in the modulation of the action
of genes (expression and regulation). The ‘‘missing heredity’’ of the
disease could be explained by the action of epigenetic mechanisms
such as DNA methylation, histone modifications, and microRNA
regulation, by the interaction between genes and environmental risk
factors, but this field of study is still the subject of just a few
scientific articles (25,26).
The aim of this study was to predict which children from at-risk
families will eventually develop CD from birth to 6 years of age, well
in advance of the production of auto-antibodies (anti-tTG) or the
appearance of clinical symptoms. We confirmed the importance of
the HLA haplotype, and found that the genotype of 5 candidate genes
(SH2B3, RGS1, TAGAP, cREL, and LPP) would seem increases
(>90%) the risk of developing CD. But most children in at-risk
families share their genotypes with affected relatives, and those
selected for HLA-DQ2-DQ8 positivity should have the vast majority
of genes equally distributed; hence, it is more informative to explore
the expression of genes rather than their genotype.
From a simple blood sample, we were able to predict which
children would develop CD within 18 to 24 months in this selected
cohort. In fact, 5 genes (KIAA, TAGAP, SH2B3, TNFSF14, and
RGS1) were differentially expressed long before any sign of the
disease, and therefore identified with remarkable accuracy the
children who did eventually developed CD. To increase the robustness of the prediction we combined the genotype of the child,
obtained at birth, with gene expression at 4 to 16 months, and
obtained a combination of genotypes and gene expression profiles
that significantly increased (up to 100%) the ability to predict the
outcome of the child.
Because the discriminant equation by which we classified
patients at least 9 months before the CD diagnosis was developed
from the data obtained in the same cohort, we adopted an autoexclusion strategy (‘‘jack-knifing’’) in which we excluded iteratively from the equation the individuals to be classified. Notably,
the differential gene expression (CD vs controls) observed before
the appearance of specific antibodies, decrease at moment of
diagnosis, and was no longer present 12 or more months after
the diagnosis and the start of the GFD. The before/after study design
provides the most efficient matched control of the gene expression
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profile observed before diagnosis. The reversibility of the expression of some genes in CD patients treated with a GFD is in line with
the reversibility of deranged tight junction gene expression in CD
children after 2 years of GFD (26,27). The reversibility of gene
expression may indirectly confirm a diagnosis of CD, and consequently the evaluation of the expression can be considered a
diagnostic marker (26). Studies of the potential role in CD diagnosis
of these and other gene expressions, however, indicate that, unlike
constitutive genetic profiles, a number of epigenetic regulation
mechanisms of these candidate genes, may play a pivotal role in
the etiology of CD (26–29).
This study has the limit of a small sample size, which
however is counterbalanced by the longitudinal study design of a
peculiar cohort of children at high risk of developing CD in the first
years of their life. The longitudinal study design allows to observe
important modifications of the gene expression in the same individual, which was analyzed 3 times: before diagnosis, at diagnosis,
and after diagnosis, multiplying by 3 the power of the study. It is
noteworthy that this model is applied in this context for the first
time, since the follow-up of babies at risk for CD is not yet a
common practice. We have also to acknowledge that to recruit
infants from at-risk families, which have to undergo a surveillance
lasting 6 years, with regular blood sampling on a scheduled basis,
was made possible only by the PREVENT-CD longitudinal study.
We can assure that no selection bias was applied to recruit these
infants, other than the technical availability of the repeated
blood samples.
Another limitation of this study is the small number of genes
explored; this was a strategic choice because we preferred to explore
genes with robust replication in several Genome Wide Association
Studies (10–16), with a strong biological implication in the gluteninduced immune response (17), and explored in previous studies from
our group in several models (19,23). Finally, it is important to
underline that the selection of this candidate genes is not biased
for the present cohort; it was identified in previous studies.
Given that epigenetic mechanisms are highly cell-type
specific, analyses conducted with mixed cell tissues (eg, mucosal
biopsies) carry the risk to be confounded by differences in cell type
composition, particularly when comparing inflamed versus noninflamed tissues. In our study design, we minimized this bias
because we did not compare an inflamed tissue with a healthy
one since we worked with PBMCs, when no major sign of antibody
production or inflammation was present; and we compared the same
cell type in the same individual before and after the occurrence of a
major gluten-induced auto-immune event.
In conclusion, our preliminary work may pave the way for a
molecular diagnosis of CD, before the onset of antibody production,
in infants who carry a genetic risk profile. To consolidate these
preliminary results, we are engaged in continuing longitudinal
studies of at-risk infants, expanding not only the sample size but
also the study of the ‘‘regulome’’ of these subjects. The diagnostic
procedures for chronic diseases are slowly shifting from invasive,
tissue-based techniques to less invasive molecular methodologies.
The time is now ripe for such a common disease as CD to gradually
shift to a molecular diagnosis for the vast majority of patients.
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