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SUMMARY

Celiac disease patients, despite on a long-term gluten-free
diet and consequentially healed mucosa in histomorpho-
metric terms, still display ongoing disease at the molecular
level. Gluten challenge induces hyperactive Wnt-signaling
and secretory cell type signature. Molecular histo-
morphometry is presented as a tool to assess degree of in-
testinal injury in celiac disease.

BACKGROUND & AIMS: Gluten challenge studies are instru-
mental in understanding the pathophysiology of celiac disease. Our
aims in this study were to reveal early gluten-induced tran-
scriptomic changes in duodenal biopsies and tofind tools for clinics.

METHODS: Duodenal biopsies were collected from 15 celiac
disease patients on a strict long-term gluten-free diet (GFD)
prior to and post a gluten challenge (PGC) and from 6 healthy
control individuals (DC). Biopsy RNA was subjected to genome-
wide 3’ RNA-Seq. Sequencing data was used to determine the
differences between the three groups and was compared to
sequencing data from the public repositories. The biopsies
underwent morphometric analyses.
RESULTS: In DC vs. GFD group comparisons, 167 differentially
expressed genes were identified with 117 genes downregulated
and 50 genes upregulated. In PGC vs. GFD group comparisons,
417 differentially expressed genes were identified with 195 genes
downregulated and 222 genes upregulated. Celiac disease patients
on a GFD were not “healthy”. In particular, genes encoding pro-
teins for transporting small molecules were expressed less. In
addition to the activation of immune response genes, a gluten
challenge induced hyperactive intestinal wnt-signaling and
consequent immature crypt gene expression resulting in less
differentiated epithelium. Biopsy gene expression in response to a
gluten challenge correlated with the extent of the histological
damage. Regression models using only four gene transcripts
described 97.2% of the mucosal morphology and 98.0% of the
inflammatory changes observed.

CONCLUSIONS: Our gluten challenge trial design provided an
opportunity to study the transition from health to disease. The
results show that even on a strict GFD, despite being deemed
healthy, patients reveal patterns of ongoing disease. Here, a
transcriptomic regression model estimating the extent of
gluten-induced duodenal mucosal injury is presented. (Cell Mol
Gastroenterol Hepatol 2021;11:13–32; https://doi.org/10.1016/
j.jcmgh.2020.07.010)
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eliac disease is an autoimmune disorder in which
*Authors share co-first authorship.

Abbreviations used in this paper: DC, disease control; GFD, gluten-
free diet; GIP, gluten-specific immunogenic peptide; HLA, human
leukocyte antigen; IEL, intraepithelial lymphocyte; jlog2FCj, absolute
log2-fold change; NGS, next-generation sequencing; PCA, principal
component analysis; PGC, post–gluten challenge; RNA-Seq, RNA-
sequencing; TG2, tissue transglutaminase 2; VH:CrD, villus height-to-
crypt depth ratio.
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Cdietary cereal gluten is an essential inducer and
driving force. The overall global prevalence of celiac disease
is approximately 1%.1 There are differences between
countries,1,2 and at the population level, the true prevalence
has been shown to be increasing over time.3 During celiac
disease pathogenesis, ingested gluten induces an
autoimmune-like reaction in genetically susceptible subjects
carrying the DQ2 or DQ8 human leukocyte antigen (HLA)
haplotypes, which results in mucosal inflammation, small in-
testinal villus atrophy, and crypt hyperplasia and a wide array
of gastrointestinal and nongastrointestinal manifestations.
The HLA genes can be considered necessary but not sufficient
factors, as only a small portion of the individuals with the
compatible HLA genetics will develop gluten-dependent celiac
disease. Additionally, several non-HLA genes have been
identified as contributing factors in celiac disease patho-
physiology.4 In addition to dietary gluten and compatible HLA
genetics, the auto-antigen and gluten-deamidating enzyme
tissue transglutaminase 2 (TG2), is needed.5–7 It was recently
hypothesized that intestinal microbiota is a factor involved in
the pathogenesis and clinical presentation of the disease.8

Central to the disease pathogenesis are the abnormal intesti-
nal T cell responses to gluten, and the ability of CD4þ T cells
to recognize gluten epitopes is thought to be a driver of the
disease.9,10 B cells, autoantibodies, and TG2, have also been
shown to have an important function in celiac disease path-
ogenetic mechanisms.9,11–14 Despite the well-studied role of
the immune system in celiac disease development, a complete
picture of the pathophysiology, especially the early steps
leading to the loss of gluten tolerance, is still missing.13

Currently, a lifelong gluten-free diet (GFD) is the only
accepted treatment option for patients with celiac disease.

Intestinal epithelium, as one of the components in celiac
disease development, has also been the focus of research. We
believe that discovering the molecular mechanisms respon-
sible for thwarting the differentiation program of the intestinal
epithelial cells could lead to a better understanding of the
mechanisms of celiac disease development and the consequent
deterioration of the small intestinal mucosal morphology.
Transcriptomic studies usingmicroarray15 or RNA-sequencing
(RNA-Seq) technologies16–18 and proteomic19 and epi-
genomic20 analyses were conducted on celiac disease patient
biopsies. The majority of these studies used untreated patient
samples, samples from patients on a GFD, and non–celiac dis-
ease samples as a control group. Because mucosal damage is
dose- and time-dependent,13,21,22 and because patients have
different levels of gluten consumption at the time of their initial
diagnoses, often large amount for decades, these confounding
factors may lead to inconsistent results. To circumvent these
shortcomings, we sought to exploit the gluten challenge study
design13,21–24 and perform genome-wide transcriptomic ana-
lyses of celiac disease small intestinal biopsies frompatients on
a strict long-term GFD and compare the results with those of
biopsies taken from the same celiac disease patients after a
standard amount and time on a gluten challenge. We further
compared these transcriptomic results with those obtained
from non–celiac disease control (DC) patient biopsies. We also
aimed to correlate the gene transcript levels with the degree of
gluten-induced mucosal injury to create a molecular histo-
morphometry tool for assessing the extent of both duodenal
mucosal architectural damage and inflammation.
Results
Histomorphometry and Molecular
Histomorphometry

The morphology results (villus height-to-crypt depth
ratio [VH:CrD]) of each study group are shown in Figure 1A,
and the grade of inflammation (intraepithelial lymphocyte
[IEL] density) is shown in Figure 1B. The morphometric
results did not differ (P ¼ .35) between the DC (2.33 ± 0.20)
and GFD (2.19 ± 0.43) groups. Significant mucosal deteri-
oration (P < .001) and increased inflammation (P < .001)
was evident during a gluten challenge (GFD [VH:CrD: M 2.19
± 0.43; IEL density: 28.73 ± 7.25] vs post–gluten challenge
[PGC] [VH:CrD: 0.90 ± 0.63; IEL density: 59.60 ± 13.84]).
Although the patients kept a strict GFD prior to the gluten
challenge, the stool gluten-specific immunogenic peptide
(GIP) results showed 4 of the 15 had inadvertently ingested
gluten just before stool sample collection (Figure 2). The
unsupervised principal component analysis (PCA) plot for
the gene expression differences in all samples indicated that
the combination of dimensions (Dim1 and Dim2) explains
22.3% of the variance, showing a decent separation between
the groups (Figure 1C). As the GFD group was discernible
from the DC and PGC groups in PCA analysis, we next
analyzed how does the gene expression in GFD group differ
from the DC and PGC groups. Pertaining to both significantly
down- and upregulated genes in DC and PGC comparisons
(false discovery rate [FDR] < .05 and absolute log2-fold
change [jlog2FCj] � 0.5), the GFD group differs signifi-
cantly from both groups and the gene expression profile in
GFD group is between the DC and PGC groups (Figure 1D).
Genes Affected by the Gluten Challenge
When comparing RNA expression profiles from celiac

disease patients in the GFD and PGC groups, 417 differen-
tially expressed genes were identified with 195 genes
downregulated and 222 genes upregulated (FDR < .05 and
jlog2FCj � 0.5). The top 75 differentially expressed genes, in
a paired analysis of GFD vs PGC, are shown in Figures 3A
and B (entire dataset in Supplementary Table 1). Gene
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Figure 1. Histomorphometric and molecular histomorphometric data of the DC group, celiac disease patients on a
GFD, and celiac disease patients PGC. (A) VH:CrD measurements. (B) Counts of IELs per 100 enterocytes (EC). (C) PCA plot
for all samples exploring biological differences between the DC (blue), GFD (yellow), and PGC (orange) groups based on the
gene expression profile with bigger spheres depicting the center of a distribution. (D) Violin plots showing the log-transformed
expression of differentially expressed genes detected in PGC vs DC groups comparisons (768 downregulated in the left panel
and 580 upregulated genes in the right panel) in each group. Three lines (from the bottom to the top) in each violin plot show
the location of the lower quartile, the median, and the upper quartile, respectively. The blue line is fitted regression model,
demonstrating the linear character of mean of the log-transformed expression changes. Student’s t test was used for
comparing the mean values.
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Ontology analyses show that genes involved in cellular
response to cytokines, including interferons, are over-
represented within gluten-induced gene expression profile
(Figure 3C). Heatmaps organized to gene ontology terms are
shown in Figure 4. Interestingly, when gluten-induced gene
expression profile genes were analyzed across all the 3
groups, GFD group was positioned between the DC and PGC
in downregulated genes (Figure 3D). In case of upregulated
genes, however, gene expression in GFD group resemble
that of in the DC group.
Genes Affected by a GFD Compared With
Non–Celiac Disease Control Subjects

As PCA and gene expression data (Figure 1C and D),
clearly discerned DC and GFD into separate groups, we
analyzed the genes whose expression differ significantly
already when celiac disease patients are on GFD when
compared with the DC group. In total, 167 differentially
expressed genes were identified (FDR < .05 and jlog2FCj �
0.5) with 117 genes downregulated and 50 genes upregu-
lated in the GFD group when compared with the DC group
(Figure 5A and B). Our results indicate that even though in-
testinal morphology in patients on a strict GFD is similar to
that measured in DC patients (Figure 1A and B) based on
gene transcription, the GFD group differs significantly from
the DC group, showing a substantial number of differentially
expressed genes. In general, the expression of these genes is
not affected by the gluten challenge when comparing the GFD
and PGC groups. Gene Ontology and Reactome pathway an-
alyses reveal that patients on a GFD suffer from profoundly
altered expression of genes with functions such as brush



Figure 2. Gluten content
(ng GIP/g stool) in pa-
tients’ stool samples
taken before, during, and
after gluten challenge,
measured by iVYLISA GIP
assay. Gluten consump-
tion per day was assessed
by number of cookies
eaten, taking into account
the content of gluten in
them, eaten between the
visits by patient divided by
number of days between
the visits (median 1.99
[interquartile range, 1.74 -
2.91] g/d). LLoQ, lower
limit of quantification;
ULoQ, upper limit of
quantification.
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border assembly, developmental processes, transport of
small molecules, and FOXO-mediated transcription of the cell
cycle (Figure 5C). Heatmaps organized to gene ontology and
Reactome pathway terms are shown in Figure 6. For
instance, within the transporter gene group, 24 genes are
differentially expressed in the GFD group vs the DC group. Of
these, 22 are downregulated in the GFD group, including, for
example, 4 transporter genes: FLVCR1 (heme transporter),
SLC46A1 (folate and heme transporter), ATP2B1 (calcium
transporter), and SLC39A4 (zinc transporter), as seen in
Figure 5D. This is in accordance with the clinical data, as it
has been shown that patients on a GFD quite frequently
suffer from micronutrient deficiencies.25 A list of the 24
transporter genes affected by a GFD is presented in Table 1.
Hyperactive Intestinal Wnt Signaling Is Prominent
in Celiac Disease Patients After a Gluten
Challenge But Is Also Already Enhanced During a
GFD

As it has been suggested that Wnt signaling is involved in
celiac disease–associated villous atrophy and crypt hyper-
plasia.15,26 we compared the present RNA-Seq data to our
mouse organoid data in which intestinal differentiation was
induced in vitro with Wnt inhibitor IWP2.27 These data
comparisons enable us to characterize the Wnt-mediated
component of mucosal damage in celiac disease. Of all 417
differentially expressed genes after the gluten challenge, 90
(21.6%) belong to the Wnt component (Figure 7A). An
approximately similar size of Wnt component is also
affected when celiac patients on a GFD are compared with
DC patients, as 42 genes of all 167 differentially expressed
genes (25.1%) belong to the functional Wnt component in
intestinal organoids (Figure 7A). To address the hypothesis
that Wnt signaling is pathogenically hyperactive in celiac
disease, we analyzed the directionality of the gene expres-
sion, and indeed found this to be the case. Of the 195 genes
repressed by the gluten challenge, 48 (24.6%) belong to the
group of genes induced by Wnt inhibition (Figure 7B).
Reciprocally, only 5.9% (n ¼ 13 of 222) of the genes
upregulated by the gluten challenge are also induced in Wnt
inhibition (Figure 7C). Reactome pathway analysis reveals
that these 13 oppositely responding genes belong in the
immune response category (Figure 8), which was specif-
ically induced in the PGC group (Figure 7F). Interestingly, on
the one hand, when comparing celiac disease patients on a
GFD with DC patients, a similar kind of overactive Wnt
component is also evident, as 28.2% (n ¼ 33 of 117) of
genes downregulated in the GFD group compared with the
DC group belong to the Wnt inhibition induced Wnt
component (Figure 7B). On the other hand, only 2% (n ¼ 1
of 50) of genes upregulated by the gluten challenge belong
to the Wnt inhibition induced Wnt component (Figure 7C).
Moreover, a similar trend can be seen in genes down-
regulated by Wnt inhibition, as 13.1% (n ¼ 29 of 222) of
genes upregulated by a gluten challenge belong to the Wnt
component repressed by Wnt inhibition (Figure 7D).
Correspondingly, not a single gene of the downregulated
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gene group affected by the gluten challenge falls into the
category of Wnt component repressed by Wnt inhibition
(Figure 7E). To conclude, our data suggest that in active
celiac disease, in addition to activation of immune response
genes, Wnt signaling is conspicuously overactive in the
small intestine, favoring immature crypt gene expression at
the expense of less differentiated epithelium. Interestingly,
this pathogenic “Wnt on” state, excluding the inflammatory
component, seems to already be active in celiac patients on
a GFD. Moreover, while different set of genes are affected in
GFD vs DC and GFD vs PGC comparisons, they all seem to be,
however, under the influence of Wnt signaling.

A Gluten Challenge Induces a Secretory Cell
Type Signature and Inhibits Absorptive
Enterocyte Maturation

Differentiation of both absorptive and secretory epithe-
lial cells has been shown to be affected in celiac disease.28,29

When comparing our biopsy transcriptomic data to pub-
lished data on single-cell RNA-Seq studies on the small in-
testinal epithelium,30 we found that mature absorptive
enterocyte lineage genes were almost unanimously down-
regulated in PGC patients. Interestingly, however, we found
that genes for secretory cell signatures were upregulated
during the gluten challenge (Figure 9A), and most of these
genes belong to the goblet cell signature. However, the
number of goblet cells per millimeter of epithelium was not
significantly different between the groups (Figure 9B and C).

Molecular Morphometric Regression Models
Part of the differentially expressed gene expressions

have high correlations with the extent of gluten-induced
histological damage and inflammation and are presented
as heatmaps in Figure 10. The subsequent best subset se-
lection approach computationally allowed us to reduce the
number of genes, which describes VH:CrD (model 1) and IEL
density (model 2) changes to 4 genes for each model
(Table 2). Created models describe 97.2% of observed
VH:CrD and 98.0% of IEL number variabilities, and there is a
strong correlation between the predicted and observed ra-
tios (Figures 11A and B). Subsequently, we tested the ability
of our models to discriminate between healthy controls and
celiac patients on independent data. The PCA was per-
formed on dataset GSE13490031 (Figure 11C–E). F statistics
suggest that by using the expression of 4 genes predicted by
our models to describe the variance in histomorphology
parameters we are able to discriminate between healthy
and celiac disease patients better than by using the
expression of 4 randomly selected genes (F ¼ 78 and 36 for
VH:CrD and IEL density, respectively, compared with F ¼ 8
for randomly selected genes).

Discussion
To our understanding, this is the first genome-wide

RNA-Seq study with paired duodenal biopsies from ce-
liac disease patients on strict long-term GFDs before and
after 10 weeks of a gluten challenge. We strived to
pinpoint not only the early gluten-dependent gene tran-
scripts but also genes that are constantly differentially
expressed in celiac disease patients vs DC patients. The
present results show that at the molecular level, healthy
intestinal functions were not reinstated upon long-term
GFD restrictions. Our novel finding is that genes, partic-
ularly those encoding proteins for transporting small
molecules, were significantly less expressed in patients on
a GFD compared with healthy individuals, which can
contribute to micronutrient deficiency. For example, we
show downregulation of 2 heme transporter expressions
(FLVCR1 and SLC46A1) and upregulation of transferrin
receptor (TFRC), the gene responsible for iron delivery
from transferrin to the cell. The TFRC gene is also known
to mediate the IgA-mediated gliadin transport during ce-
liac disease pathogenesis.32,33 Related to folate deficiency,
we found significant downregulation of the gene SLC46A1,
which encodes a folate transporter. Linked to calcium and
zinc deficiency, genes involved in Ca2þ homeostasis
(ATP2B1 and CALM1) and the zinc transporter SLC39A4
showed decreased levels of expression in patients on a
GFD compared with healthy control subjects. Our data
suggest that the low expression of micronutrient trans-
porters in the intestine explains described clinical micro-
nutrient deficiencies (ie, iron, folate, B12, and various
mineral and vitamin D deficiencies) in patients following a
strict GFD.25,34–36 The low expressions might be due to
inadvertent gluten ingestion and indication of disease due
to early mucosal injury. Complete elimination of dietary
gluten seems impossible to maintain due to issues such as
contamination of gluten-free foods, resulting in the
ingestion of hundreds of milligrams of gluten per day in
an attempted GFD.34–37 Inadvertent gluten ingestion is
clinically difficult to detect, as serum TG2 or endomysial
antibodies do not pick up most of the patients with
persistent villous atrophy on GFDs.38 When the stool GIPs
measure gluten ingestion the day or so before testing, the
duodenal mucosa is reacting upon long-term and signifi-
cant inadvertent gluten ingestion. Recently, quantitative
histology with well-oriented biopsy sections was shown to
reveal villus atrophy in the majority of patients with ce-
liac disease compliant with well-controlled GFDs.39 The
celiac disease patients in the present study did not reach
a duodenal mucosal healing described as fully normal.40

Even if our 6 control patients without evidence of celiac
disease had morphologically similar small intestinal
mucosal findings, they clearly differed from celiac disease
patients on a GFD as related to the transcriptomic find-
ings. Furthermore, our rather small control patient group
had a reason for endoscopy and, in fact, comprised DC
patients, which may mean they were not fully “normal.”
When the duodenal mucosa in celiac disease evidence
“normalization” upon a GFD, there is still disease at a
molecular and even at a clinical level. It is intriguing to
speculate that transcriptomic changes such as those seen
in the present study in celiac disease patients on a strict
GFD could also occur in latent celiac disease (ie, patients
with existing gluten-dependent disease in which the dis-
ease is not yet manifested at the mucosal level). Such
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Figure 3. (See previous page). Differential intestinal mucosal gene transcriptome after 10 weeks of the gluten challenge
in celiac disease patients. (A) Heatmap of the top 75 genes that are downregulated specifically after the gluten challenge. (B)
Heatmap of the top 75 genes that are upregulated after the gluten challenge. (C) Selected Gene Ontology terms enriched in
identified set of genes (total 417 genes) specific for gluten-induced mucosal damage. (D) Violin plots showing the log-
transformed expression of differentially expressed genes detected in PGC vs GFD comparisons (195 downregulated in the
left panel and 222 upregulated genes in the right panel) in each group. Three lines (from the bottom to the top) in each violin
plot show the location of the lower quartile, the median, and the upper quartile, respectively. The blue line is the fitted
regression model, demonstrating the nonlinear character of mean of the log-transformed expression changes. Student’s t test
was used for group mean comparisons.

Figure 4. Genes affected
by gluten challenge
shown as heatmaps
organized to Gene
Ontology (GO) terms.
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Figure 6. Genes affected
already in GFD shown as
heatmaps organized to
Gene Ontology (GO) and
Reactome pathway
terms.
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patients “excluded on biopsy” for celiac disease have been
shown to have micronutrient deficiencies and even bone
disease with fractures, and their duodenal mucosa may
deteriorate to a state typical for celiac disease only later,
which includes crypt hyperplastic lesion with villous
atrophy.41–44
Figure 5. (See previous page). Differential intestinal mucosal
patients with celiac disease on a GFD. (A) Heatmap of 117 g
celiac disease in both GFD and PGC groups vs the DC group.
groups vs the DC group. (C) Gene Ontology terms and Reactom
showing altered expression in the GFD group vs the DC grou
enriched “Transport of small molecules” Reactome pathway.
Our paired analysis indicates that genes specific for
absorptive enterocytes were almost unanimously down-
regulated in celiac disease patients after a gluten chal-
lenge. This has also been shown in other studies where
active celiac disease patients were compared with healthy
control subjects or celiac patients on a GFD in a nonpaired
gene transcriptome between healthy control subjects and
enes showing significantly lower expression in patients with
(B) Heatmap of 50 genes upregulated in both GFD and PGC
e pathways enriched in an identified set of genes (total 167)

p. (D) Changes of expression in some genes involved in the



Table 1.List of the 24 Genes Affected Already in Gluten-Free Diet Within the Group of Transport of Small Molecules Are
Grouped According to Their Specific Function

# ENSEMBL ID Symbol Function log2-Fold change FDR

Iron uptake and transport

1 ENSG00000072274 TFRC delivers iron from transferrin to the cell 0.54 .042

2 ENSG00000150991 UBC ubiquitination –0.60 .034

3 ENSG00000162769 FLVCR1 heme transporter –0.65 .028

4 ENSG00000076351 SLC46A1 folate transport, heme transporter in duodenal enterocytes –0.85 .012

Lipid and lipoprotein homeostasis

5 ENSG00000105699 LSR binds chylomicrons, LDL and VLDL in presence of free fatty acids
and allows their subsequent uptake in the cells

–0.61 .034

6 ENSG00000160179 ABCG1 catalyzes the efflux of phospholipids –0.88 .015

7 ENSG00000060566 CREB3L3 transcription factor involved in cholesterol and lipid metabolism –0.90 .002

8 ENSG00000075239 ACAT1 catalyzes an aerobic process breaking down fatty acids into
acetyl-CoA

–0.56 .034

9 ENSG00000187288 CIDEC promotes lipid transfer from the smaller to larger lipid droplets –0.87 .010

10 ENSG00000198668 CALM1 calcium-binding protein –0.52 .032

11 ENSG00000138075 ABCG5 mediates Mg2þ- and ATP-dependent sterol transport across the
cell membrane

–0.71 .032

Transport of inorganic cations/anions and amino acids/oligopeptides

12 ENSG00000123643 SLC36A1 pH-dependent electrogenic transporter for small amino acids
such as glycine, alanine and proline

–0.67 .032

13 ENSG00000174358 SLC6A19 mediates resorption of neutral amino acids across the apical
membrane of renal and intestinal epithelial cells

–0.74 .021

14 ENSG00000198668 CALM1 calcium-binding protein –0.52 .032

15 ENSG00000141504 SAT2 catalyzes the acetylation of polyamines –0.59 .034

16 ENSG00000064651 SLC12A2 mediates sodium and chloride reabsorption 0.64 .032

Ion homeostasis

17 ENSG00000070961 ATP2B1 transports calcium from the cytoplasm to the extracellular space –0.54 .015

18 ENSG00000069849 ATP1B3 maintaining the electrochemical gradients of Na and K ions
across the plasma membrane

–0.64 .015

19 ENSG00000198668 CALM1 calcium-binding protein –0.52 .032

20 ENSG00000204308 RNF5 membrane-bound ubiquitin ligase –0.65 .045

Transport of bile salts and organic acids, metal ions, and amine compounds

21 ENSG00000196660 SLC30A10 transports manganese –0.56 .042

22 ENSG00000007216 SLC13A2 cotransports sodium ions and dicarboxylates such as succinate
and citrate

–0.86 .015

23 ENSG00000174358 SLC6A19 mediates resorption of neutral amino acids across the apical
membrane of renal and intestinal epithelial cells

–0.74 .021

24 ENSG00000147804 SLC39A4 transports zinc –0.78 .039

Other

25 ENSG00000085563 ABCB1 translocates drugs and phospholipids across the membrane –0.82 .003

26 ENSG00000146411 SLC2A12 catalyzes the uptake of sugars through facilitated diffusion –0.74 .044

27 ENSG00000137860 SLC28A2 uptake and salvage of purine nucleosides –0.75 .038

Gene ID, gene symbol, function, and numerical values for the disease control vs gluten-free diet groups as log2-fold change
and adjusted P values are shown.
FDR, false discovery rate; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein.

22 Dotsenko et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 1
manner.16,18 Deficient enterocyte differentiation has been
suggested to be ascribed to hyperactive Wnt signaling in
the disease, as Wnt signaling needs to be inhibited for
enterocyte differentiation to occur.45 In fact, the number of
cells expressing nuclear beta-catenin in the crypt, as a
proxy for active Wnt signaling, has been shown to be
increased along with expression of a few studied Wnt
target genes in active celiac disease.15,26 We addressed
this by comparing the RNA-Seq gene expression data from
patients with our Wnt component gene expression data
from intestinal organoids.27 Our data show that in active
celiac disease Wnt signaling is clearly hyperactive, which
is most probably causing the compromised absorptive cell
differentiation. In addition, this pathogenic hyperactive



Figure 7. Hyperactive Wnt component in celiac disease. Venn diagrams of (A) all differentially expressed genes in intestinal
organoids after Wnt inhibition (blue spheres) and GFD/DC (yellow spheres) and PGC/GFD (orange spheres) comparisons. (B)
Upregulated genes after Wnt inhibition and downregulated genes indicated by comparisons. (C) Upregulated genes after Wnt
inhibition and upregulated genes indicated by comparisons. (D) Downregulated genes after Wnt inhibition and upregulated
genes indicated by comparisons. (E) Downregulated genes after Wnt inhibition and downregulated genes indicated by
comparisons. (F) The immune response category genes that are specifically induced only in the PGC group.
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Wnt signaling state (excluding the inflammatory compo-
nent) seems to already be active in celiac disease patients
on a GFD. In fact, contrary to compromised absorptive cell
differentiation, we saw that secretory cell–type gene
expression is induced after a gluten challenge. The ma-
jority of upregulated secretory cell line markers in our
datasets belong to goblet cells. A reduction in the number
of goblet cells has been reported in active celiac dis-
ease,46,47 but counterintuitively, some of the goblet cell
markers, including SPINK448 and MUC2,49 are upregulated.
Moreover, in vitro studies with organoids have shown that
intestinal organoids derived from celiac disease patients
are more poised for secretory cell differentiation. For
example, MUC2 was expressed more in organoids derived
from active celiac disease patients compared with orga-
noids derived from non–celiac disease individuals.29 Our
genome-wide in vivo data shows that secretory cell
markers, mainly those of the goblet cells, are consistently
upregulated in celiac disease after a gluten challenge.
Contrary to absorptive cell differentiation, Notch signaling
needs to be off and Wnt signaling needs to be on for
secretory cell differentiation to take place.50 Because it is
known that proinflammatory cytokines can induce genes
involved in the immune response in intestinal enter-
ocytes,51 one may argue that these cytokines are the pri-
mary cause for the upregulation of secretory cell markers
in active celiac disease. Th1 and Th2 inflammatory cyto-
kines are known to induce goblet cell differentiation
through activation of the PI3K/Akt pathways.51,52 Celiac
disease in its active phase is characterized by activation of
the Th1 gene expression profile.53 Tumor necrosis factor
a, interleukin-4, and interleukin-13 have been shown to
induce the expression of MUC2 via nuclear factor-kB
mediated by mitogen-activated protein kinase pathways
in vitro.54,55 There is evidence that over-production of
MUC2 in inflammatory bowel disease depletes goblet cells.
In vitro studies showed that mucus hypersecretion caused
severe endoplasmic reticulum stress and apoptosis of
goblet cells.56 This could possibly explain our finding that
in celiac disease after a gluten challenge the expression of
MUC2 and other goblet cell markers are increased without
any changes in goblet cell numbers. To conclude, in active
celiac disease, hyperactive Wnt signaling seems to impede
absorptive cell differentiation, but at the same time,
together with inflammatory cytokines, it might poise
secretory cell differentiation.



Figure 8. Reactome
pathway enrichment
analysis of 13 oppositely
responding genes (see
Figure 7F). ER, endo-
plasmic reticulum; MHC,
major histocompatibility
complex.
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The basis for a celiac disease diagnosis is the charac-
teristic gluten-triggered and dependent small intestinal
mucosal lesion (villous atrophy with crypt hyperplasia),
which is most often associated with inflammation seen as an
Figure 9. Dietary gluten
inhibits absorptive cell-
specific gene expression
and evokes secretory cell
type gene expression. (A)
Gene expression heatmap
of the intestinal epithelial
cell type–specific genes.
(B) Alcian blue G staining in
DC, GFD, and PGC pa-
tients at 40� magnifica-
tion. (C) Number of G per
mm of epithelium. ECi,
immature enterocytes;
ECm, mature enterocytes;
EE, enteroendocrine cells;
G, goblet cells; P, Paneth
cells; T, tuft cell.
increased intraepithelial T cell density. Traditional celiac
disease diagnostics based on grouped classifications (so-
called Marsh-Oberhuber classes) are highly subjective, and
interobserver reproducibility between pathology readers is



Figure 10. The gene
expression correlations
with the extent of (A)
gluten-induced histologi-
cal damage (Spearman’s
rank, jrj > .65) and (B)
inflammation (Spear-
man’s rank, jrj > .6) are
presented as heatmaps.
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not optimal.57–59 The statement by Picarelli et al,60 in which
they stressed the limits of histological interpretation due to
a lack of uniformity in the use of Marsh-Oberhuber classi-
fication, is still relevant as evidenced by a recent 33-celiac
center study in which one reader evaluated the mucosa to
be Marsh 0 and the other graded it from Marsh 1 to 3c and
vice versa—Supplementary Table 20 in Werkstetter et al.61

In the present study, we adopted our standard operating
procedures and validated quantitative morphometry sepa-
rately for biopsy morphology and inflammation to measure
the continuum of gluten-induced mucosal injury in celiac
disease.13,21,24,62 These methods were also adopted in
recent clinical drug and vaccine trials.22,23,39 In the present
study, we show that the expression of a selected subset of
protein-coding genes correlates extremely well with the
extent of morphological damage and inflammation in con-
trol patients and celiac disease patients on a GFD before and
after the gluten challenge (presented as heatmaps in the
order of VH:CrD and IEL density in Figure 10). It should be
noted that the RNA was extracted from separate cuttings
but from the same paraffin-embedded biopsy blocks that
had been used for morphometry measurements, thus
avoiding the patchy lesion pitfalls observed between bi-
opsies in short gluten challenges using low and moderate



Table 2.Model 1 (VH:CrD) and Model 2 (CD3þ IEL Density)
Coefficients

Term Estimate P value

Model 1 (VH:CrD prediction)

ATP8B2 0.024 6.46 � 10–3

PLA2R1 0.009 7.76 � 10–3

PDIA3 –0.003 6.92 � 10–3

TM4SF4 0.006 1.01 � 10–5

Model 2 (IEL density
prediction)

CCL5 0.51 3.39 � 10–5

AC004067.6 0.82 1.05 � 10–5

PDIA3 0.25 7.68 � 10–6

SLC15A1 –0.05 1.37 � 10–6

IEL, intraepithelial lymphocyte; VH:CrD, villus height-to-crypt
depth ratio.
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amounts of gluten. Gene expression seems to determine the
state of a tissue, and the changes in expression are associ-
ated with the severity of the injury. We have already, as a
proof of concept, moved toward “molecular histo-
morphometry” using a candidate gene approach.24 Also,
other attempts to build a molecular model for grouped
mucosal injury classification have been presented.18,63 In
our study, we modeled the behavior of continuous metric
parameters (VH:CrD and the density of CD3þ IELs), which
were assigned to each endoscopic biopsy, and a multiple
regression analysis was applied. In conclusion, we show that
by using transcriptomic data one may predict histo-
morphological parameters with a high accuracy. In fact, the
subset selection approach computationally reduced the
number of genes to 4 for both the morphology and inflam-
mation predictions. The created models described 97.2% of
observed VH:CrD and 98.0% of the IEL densities; we show a
strong correlation between the predicted and observed ra-
tios. We foresee this approach to be exploited in celiac
disease diagnostics and in drug trials monitoring the effi-
cacy of novel treatments focused on circumventing subjec-
tive biopsy readings.

We acknowledge the present study limitations. The
present results are drawn from a rather small patient
group. Unfortunately, we cannot provide evidence that
observed low expression of micronutrient transport genes
in long-term-treated celiac disease patients correlates
with nutritional deficiencies, as we do not have the
micronutrient or protein level data from these patients.
Also, on the one hand, our designed molecular
morphometry models are based on RNA-Seq data, and
additional validation with reverse-transcription quantita-
tive polymerase chain reaction is warranted in a separate
clinical gluten challenge study. On the other hand, we
provide genome-wide duodenal biopsy transcriptomic
data from a human source in which gene expression
correlated with the extent of histological injury continuum
studied in DC patients and celiac disease patients on a
strict GFD and after a gluten challenge. It should be noted
that we addressed gluten-induced transcriptomic changes
in respect to morphology and inflammation after a 10-
week gluten challenge using small and moderate amount
(2–4 g) of gluten and did not study, for example, newly
diagnosed celiac disease patients who had ingested
10—20 g of gluten for decades. However, we were able to
test our data with the published independent data (dataset
GSE134900),31 suggesting that our regression model
could be applicable for newly diagnosed celiac disease
patients. In addition, our study design can exclude pa-
tients with the highest and most acute response to gluten
with even lower and shorter gluten challenge.

To conclude, we provide transcriptomic resource data
not only to determine gluten-dependent morphology and
inflammation in celiac disease but also to pinpoint genes
potentially important in pathogenesis, in finding genes for
novel drug targets, and for biomarker and surrogate marker
research. We further show that even a long and strict GFD is
not sufficient to abate relatively common micronutrient
deficiencies among celiac disease patients. Adherence to a
strict GFD can be onerous to maintain, and because
contamination of gluten-free foods is common, complete
elimination of dietary gluten is difficult, if not impossible, to
attain. Our results describe aforementioned adverse condi-
tions at the molecular level and warrant the pursuit of novel
adjunct treatments for celiac disease.
Materials and Methods
Patients and Biopsies

Fifteen adult HLA-DQ2 positive patients having a biopsy-
proven celiac disease diagnosis were enrolled for this
study.23,24 The self-reported strict GFD for at least 1 year
and for 16 years on average was checked on site and the
patients were found to be symptom free and they were also
tested and shown to be negative for serum TG2 antibodies
(GFD group). These patients were challenged, that is,
consumed 2–4 g of gluten daily for 10 weeks (PGC group).
The patients continued their GFD throughout the gluten
challenge study, and cookies containing 1–2 g of gluten were
dispensed to the patients for twice daily consumption. The
ingestion of the cookies was monitored, and unused cookies
were returned and counted. Diet counseling was provided if
transgression in the diet was suspected. The DC group
included duodenal biopsies from 6 non–celiac disease in-
dividuals undergoing endoscopies due to dyspepsia or
reflux symptoms. These patients had no detectable disease
and were also negative for serum TG2 autoantibodies (DC
group). Before starting a gluten challenge, stool samples
were collected to measure potential evidence of inadvertent
gluten ingestion by using iVYLISA, a GIP assay, as described
previously.34,64,65 The GIP stool testing was continued
throughout the gluten challenge period (gluten stool con-
tents are shown in Figure 2).

Upper gastrointestinal endoscopies were performed, and
duodenal forceps biopsies were immersed in PaxFPE
(PAXgene fixative and processed for paraffin block embed-
ding) using a standard formalin-free paraffin-infiltration



Figure 11. Observed vs predicted regression scatter plots (A) for model 1 predicting VH:CrD and (B) for model 2
predicting density of IELs. Red dashed line represents ideal regression case, where x ¼ y. (C–E) For testing, a graphical
representation of PCAs (Dim1 and Dim2) applied to expression of 4 genes involved in (C) model 1, (D) model 2, and (E) 4 other
random genes selected from the pool of the all detected genes extracted from publicly available dataset GSE134900 is shown.
CD, celiac disease; EC, epithelial cell; F, F statistics; HC, healthy control.
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protocol. For morphology, samples were stained with he-
matoxylin and eosin and measured using our validated
morphometry rules for VH, CrD, and VH:CrD. To measure
mucosal inflammation, CD3þ IELs were counted and re-
ported as a density of positive T cells per 100 epithelial
cells, as previously described.24,62

RNA Isolation and Sequencing
Total RNA was extracted from the same duodenal

PaxFPE biopsy specimens using further cuttings from where
histomorphometry was to be measured and counted as
previously described.24 For the extraction, an RNeasy Kit
(Qiagen, Hilden, Germany) was used according to the man-
ufacturer’s instructions. Library preparation and next-
generation sequencing (NGS) was performed by Qiagen
NGS Service. The library preparation was done using the
QIAseq UPX 30 Transcriptome Kit (Qiagen). A total of 10 ng
of purified RNA was converted into complementary DNA
NGS libraries, and a quality check was performed using
TapeStation 4200 (Agilent, Santa Clara, CA) or Agilent Bio-
analyzer (Agilent). Sequencing was performed on a Next-
Seq500 sequencing instrument according to the
manufacturer’s instructions (Illumina, San Diego, CA).

RNA-Seq Data Analyses
Data quality was checked using the FastQC (Illumina).

Only reads with an exact cell indices match were retained, 30

poly-A regions were trimmed and reads with <25 bp were
dropped. Reads were aligned to the human GRCh38 genome
(GENCODE Release 23 genome assembly version on all re-
gions) using splice aware aligner STAR (Spliced Transcripts
Alignment to a Reference). A secondary differential
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expression analysis involving normalization of unique mo-
lecular identifier counts and a subsequent pairwise differ-
ential regulation analysis was done using DESeq2 package
(Bioconductor, Buffalo, NY). The paired nature of samples
was considered for detection of differentially expressed
genes when PGC and GFD were compared. Obtained P
values were adjusted for multiple testing using the
Benjamini-Hochberg method.

Comparisons With Publicly Available Datasets
We took advantage of the findings of differentially

expressed genes from our previous study (publicly available
dataset GSE78761), obtained from mouse intestinal orga-
noids treated with Wnt inhibitor IWP2 using Gro-Seq
(global run-on sequencing) from our previous study27

(GSE78761). To detect genes directly or indirectly related
to Wnt pathway, we manually checked the genes expressed
differentially in GSE78761 for intersections with the
differentially expressed genes obtained from RNA-Seq in the
current study. We also compared our biopsy transcriptomic
data to published data on single-cell RNA-seq studies on the
small intestinal epithelium (GSE92332).30

Alcian Blue Staining
Tissue sections were stained with 1% (w/v) Alcian blue

8GX (Sigma-Aldrich, St Louis, MO) in 3 % (v/v) acetic acid
for 30 minutes at room temperature and washed in tap
water. The sections were counterstained with nuclear fast
red (Sigma-Aldrich) for 3 minutes and dehydrated in
an ascending series of ethanol, cleared in xylene, and
mounted.

Statistics and Regression Model
A 2-tailed paired Student’s t test was used to compare

the differences between the PGC and GFD groups and 2-
tailed unpaired Student’s t test for the PGC vs DC and GFD
vs DC groups comparisons. A Spearman’s rank correlation
coefficient (r) was calculated to examine the relationships
between the unique molecular identifier counts for differ-
entially expressed genes in transcriptomes from celiac dis-
ease cohort patients (GFD and PCG groups) and the VH:CrD
or density of IELs. Regression models were created by the
best subset selection approach.66 Because the number of
possible combinations for identified differential expressed
genes was too large to iterate through all of them, the cutoff
for jrj was set to be .65 for VH:CrD correlation and .6 for
density of IELs correlation to reduce the starting gene pool
to reasonable number. A total of 112 genes were used for
VH:CrD and 100 genes were used for IEL density pre-
dictions. Among all possible combinations of genes from 1 to
6 fitted by a multiple linear regression, the best ones based
on their cross validated prediction error, Bayesian infor-
mation criterion, and adjusted R2 were selected.67 Models
were evaluated by observed vs predicted regression.68 As
an additional testing step, PCA was performed on inde-
pendent and publicly available dataset GSE134900.31 To
quantify the separation between healthy control and celiac
disease groups in this independent dataset, the F statistics
metric was applied for 4-dimensional data.69 All statistical
testing was performed using R version 3.5.3 (R Foundation
for Statistical Computing, Vienna, Austria).
Ethics Approval
The study was approved by the Ethics Committee of the

Tampere University Hospital, Tampere, Finland (ETL-code
R15185M). The patients gave their written consent to
perform the study. The trial was registered at ClinicalTrials.
gov (NCT02637141) and EudraCT (2015-003647-19).

All authors had access to the study data and reviewed
and approved the final manuscript.
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