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Small-bowel carcinomas associated with celiac disease:
transcriptomic profiling shows predominance of microsatellite
instability-immune and mesenchymal subtypes
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Abstract
Celiac disease (CD) is a risk factor for developing small-bowel carcinomawith a 14-fold higher risk compared with general population.
As small-bowel carcinomas associated with CD (CD-SBCs) are extremely rare, very few molecular data are available about their
pathogenesis, and information about their transcriptomic profiling is lacking.We generated RNA-seq data on 13 CD-SBCs, taken from
the largest well-characterized series published so far, collected by the Small Bowel Cancer Italian Consortium, and compared the tumor
transcriptional signatures with the four Consensus Molecular Subtypes (CMS) of colorectal carcinoma by applying the “CMS classi-
fier.” CpG Island Methylator Phenotype (CIMP) was evaluated using methylation-sensitive multiple ligation-dependent probe ampli-
fication. Up to 12 of 13 cancers fell within the twomain subtypes exhibiting high immune and inflammatory signatures, i.e., subtypes 1
and 4. The first and predominant subset was commonly microsatellite unstable, and exhibited CIMP and high CD3+ and CD8+ Tcell
infiltration. Moreover, it showed increased expression of genes associated with T helper 1 and natural killer cell infiltration, as well as
upregulation of apoptosis, cell cycle progression, and proteasome pathways. By contrast, cancers falling in subtype 4 showed prominent
transforming growth factor-β activation and were characterized by complement-associated inflammation, matrix remodeling, cancer-
associated stroma production, and angiogenesis. Parallel histologic and histochemical analysis confirmed such tumor subtyping. In
conclusion, twomolecular subtypes have been consistently identified in our series of CD-SBCs, a microsatellite instability-immune and
a mesenchymal subtype, the former likely associated with an indolent and the latter with a worse tumor behavior.
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Introduction

Celiac disease (CD) is a chronic enteropathy induced, in ge-
netically susceptible individuals, by gluten ingestion [1] that
affects 1% of theWestern population [2], and is a predisposing
condition for small-bowel carcinoma (SBC). SBCs account
for about 2% of gastrointestinal carcinomas and are generally
associated with poor prognosis [3]. In a recent meta-analysis
of eight studies, including 79,991 CD patients and 75 SBCs
associated with CD (CD-SBCs), SBC risk in CD subjects has
been estimated to be 14-fold higher than that of the general
population [4], while in one study on 175 patients with SBC,
13% had CD [5]. Thus, CD-SBC is a rare condition, which
explains why, to date, information concerning this tumor is
limited to a few small series or case reports, and its molecular
landscape is largely unknown [6–10].

In one of the largest series of CD-SBCs published so far
[11, 12], we identified specific histopathological, molecular,
and prognostic features of CD-SBC, distinctive from those of
sporadic or Crohn’s disease–associated SBCs, and character-
ized by frequent microsatellite instability (MSI), associated
with MLH1 methylation, and high density of tumor-
infiltrating T lymphocytes (TILs). Recently, a MSI-immune
subtype has been identified at gene expression level among
various epithelial neoplasms, including colorectal, gastric, and
pancreatic cancers [13, 14]. In particular, for colorectal cancer
(CRC), the ConsensusMolecular Subtype (CMS) Consortium
proposed the current best description of CRC heterogeneity at
the gene-expression level, after analysis of 18 different CRC
gene expression datasets [15]. This transcriptomic classifica-
tion enabled the categorization of most CRCs into four robust
subtypes: CMS1 (MSI immune subtype, 14%), which was
characterized by hypermutation, CpG Island Methylator
Phenotype (CIMP) and evidence of strong immune activation
(immune response factors, natural Killer (NK) cell, T helper 1
cell (TH1) and cytotoxic T cell infiltration signatures, PD1
activation), consistent with pathological descriptions of prom-
inent tumor-infiltrating CD8+ cytotoxic T lymphocytes. Next,
the remaining subtypes were CMS2 (canonical subtype 37%,
withmarkedWnt andMYC signaling activation); CMS3 (met-
abolic 13%, with evident metabolic dysregulation and KRAS
mutations); and CMS4 (mesenchymal 23%, with prominent
transforming growth factor (TGF)-β, stromal component, an-
giogenesis, and worse overall survival).

Interestingly, concerning CRCs, this transcriptomic classi-
fication showed important and clinically relevant correlations
with a histologically based classification approaches [16, 17].

We aimed at investigating whether MSI CD-SBCs could
correspond to the CMS1 transcriptomic subtype of CRCs, and

to what extent the remaining molecular subtypes identified in
CRC were also represented in CD-SBCs. For this purpose, we
generated RNA-seq data on 13 CD-SBCs and compared their
transcriptional signatures with those of the four CRC CMSs.
Moreover, in each case, we also evaluated the presence of
CIMP and of any correlation between transcriptomic and his-
tologic, immunohistochemical, or genetic findings.

Materials and methods

Patient cohort

The study cohort included 13 CD-SBCs taken from a larger
and well-characterized series previously described [11, 12], on
the basis of (a) sufficient formalin-fixed paraffin-embedded
(FFPE) tumor tissue still available for RNA extraction and
(b) good quality of extracted RNA. Histologically normal
small-bowel mucosa specimens from four pancreato-
duodenectomies for pancreatic tumors in non-CD patients
were used as controls.

For all tumors, MSI status,MLH1methylation, and KRAS,
NRAS, BRAF, PIK3CA, and TP53 mutations had been previ-
ously analyzed [11]. As we previously observed, two main
groups of tumors among CD-SBCs, namely MSI/MLH1
hypermethylated tumors and microsatellite stable (MSS) cases
exhibiting frequent TP53 mutations, both types of CD-SBCs
were included in this study. The studywas performed in agree-
ment with the clinical standards laid down in the 1975.
Declaration of Helsinki and its revision and was approved
by the Ethics Committee of the IRCCS San Matteo Hospital
Foundation, Italy (no. 20140018113, on 22nd September
2014).

RNA library preparation and sequencing

Total RNA was extracted from FFPE sections (4 normal
small-bowel mucosa samples and 13 CD-SBCs) using
RNeasy FFPE Kit (QIAGEN GmbH, Hilden, Germany);
RNA concentration was measured using Qubit® RNA HS
Assay Kit on a Qubit® 2.0 Fluorometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Integrity was assessed
using Agilent RNA 6000 Nano Kit on a 2100 Bioanalyzer
instrument (Agilent Technologies, Santa Clara, CA, USA)
and the percentages of fragments larger than 200 nucleotides
were calculated. RNA sequencing libraries were prepared
using TruSeq RNA Exome Library kit (Illumina, Inc., San
Diego, CA, USA) according to the manufacturer’s protocol.
In brief, RNA samples (100 ng total RNA) were fragmented at
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94 °C for 8 min on a thermal cycler. First-strand cDNA syn-
theses were performed at 25 °C for 10 min, 42 °C for 15 min,
and 70 °C for 15 min, using random hexameres and
SuperScript II Reverse Transcriptase (Thermo Fisher
Scientific Inc., Waltham, MA, USA). In a second-strand
cDNA synthesis, the RNA templates were removed, and a
second replacement strand was generated by incorporation
dUTP (in place of dTTP, to keep strand information) to gen-
erate ds cDNA. The 3′ ends of the cDNAwere then adenylated
to facilitate adaptor ligation in the next step. In a first PCR
amplification step, PCR (15 cycles of 98 °C for 10 s, 60 °C for
30 s, and 72 °C for 30 s) was used to selectively enrich those
DNA fragments that have adapter molecules on both ends and
to amplify the amount of DNA in the library. After validation
of the libraries, using Agilent DNA 1000 kit on a 2100
Bioanalyzer instrument, the first hybridization step was per-
formed using exome capture probes. Before hybridization, a
4-plex pool of libraries were made, by combining 200 ng of
each DNA library. The hybridization was performed by 18
cycles of 1-min incubation, starting at 94 °C, and then de-
creasing 2 °C per cycle. Then streptavidin-coated magnetic
beads were used to capture probes hybridized to the target
regions. The second hybridization (18 cycles of 1-min incu-
bation, starting at 94 °C, and then decreasing 2 °C per cycle)
was required to ensure high specificity of the capture regions.
A second capture with streptavidin-coated beads was per-
formed, followed by two heated wash procedures to remove
non-specific binding form the beads. The amplification step
was performed by 10 cycles (98 °C for 10 s, 60 °C for 30 s,
and 72 °C for 30 s). Finally, the libraries were quantitated
using Qubit dsDNA HS (High Sensitivity) Assay Kit on a
Qubit® 2.0 Fluorometer and validated using Agilent High
Sensitivity DNA Kit on a Bioanalyzer. The size range of the
DNA fragments was measured to be in the range of 200–
650 bp and peaked around 270 bp. Libraries were normalized
to 2 pM and sequenced on a NextSeq500 instrument 2 × 75 bp
(Illumina, Inc. San Diego, CA, USA), according to the man-
ufacturer’s instructions.

Bioinformatic analysis

For RNA sequencing, bioinformatics analysis was performed
as described in Tarallo et al. [18]. In brief, sequencing reads
were quality filtered and aligned to the human genome hg38
(Homo sapiens Ensembl GRCh38) using STAR v.2.5.2a [19].
HTSeq [20] was used to compute read counts across each
gene, which were then used as input to R package DESeq2
[21]. DESeq2 was used to normalize read counts for library
size and dispersion followed by tests for differential gene ex-
pression. Significant differentially expressed genes were de-
termined using adjusted p value (p-adj) cutoff ≤ 0.05 and at
least 1.5-fold change (FC) between conditions. Functional

analyses were performed with Ingenuity Pathway Analysis
suite (Ingenuity Systems).

The expression pattern of 5973 genes was used to classify
CD-SBC samples into CMS subtypes exploiting a “single-
sample predictor” (SSP) classifier. Indeed, SSP makes possi-
ble to predict a unique sample, and its output, considering any
given sample, must remain constant whether it is predicted
alone or within a series of samples. The SSP is implemented
in the “CMSclassifier” R package. It is based on a similarity-
to-centroid approach, with the Pearson coefficient as a simi-
larity measure [15]. For the unclassified samples, the most
similar subtype to the case has been identified using the
“nearest CMS” classification.

IPA (Ingenuity Pathway Analysis, Ingenuity Systems) was
used for functional enrichment and detection of significant
pathways. Fisher’s Exact algorithm was used to calculate the
probability of which each functional gene set was enrichment
(p value < 0.05).

The gene set enrichment analysis (GSEA) was done using
GSEA software version 3.0, which a collection of 70 cancer-
related gene set based on Guinney et al. [15] with standard
settings (with the exception that the permutation type was set
to “gene_set” and gene sets < 15 genes were allowed). RNA
sequencing data were deposited in the EBI ArrayExpress da-
tabase (http://www.ebi.ac.uk/arrayexpress) with Accession
Number E-MTAB-7760.

CIMP phenotype analysis

Methylation study was performed using methylation-sensitive
multiple ligation-dependent probe amplification (MS-MLPA)
that allows the simultaneous assessment of promoter methyl-
ation of multiple genes in a single experiment. SALSA MS-
MLPA ME042-C1 CIMP Kit (MRC-Holland, Amsterdam,
The Netherlands) was used to perform methylation analysis
on 8 gene promoters frequently methylated in CIMP tumors
[22] (details in Online Resource 1). To classify a gene promot-
er as methylated, at least half of the probes had to show meth-
ylation (Online Resource 2). We considered CIMP positive a
sample if it showed at least 3 out of 8 methylated promoters.

SALSA MS-MLPA ME001-tumor suppressor-1 Kit was
used to confirm CIMP status. As previously described, we
fully validated the sensitivity and specificity of this MS-
MLPA assay [23]. For the CIMP status evaluation, we con-
sidered positive a sample showing at least 3 methylated
promoters.

Histologic, histochemical, and genetic analysis

Histologic and histochemical patterns of the 13 CD-SBCs
entering this study were carefully reinvestigated according to
the procedures detailed in previous papers [11, 12]. Genetic
data concerning TP53, KRAS, and PIK3CA genes or MSI

Virchows Arch (2020) 476:711–723 713

http://www.ebi.ac.uk/arrayexpress


status analysis, reported collectively in the previous papers
[11, 12], were individually taken from our database. Finally,
patient follow-up and outcome were updated.

Results

Differential gene expression in small-bowel
carcinoma vs. normal intestinal mucosa

In Table 1, we summarized the main clinico-pathologic and
molecular data available for all the 13 CD-SBC cases investi-
gated. RNA-Seq was performed on FFPE samples, yielding
an average of 88,654,932 ± 33,018,149 read counts per sam-
ple and ~ 73% of the reads mappable to RNA coding regions
(Online Resource 3 provides a summary of RNA-sequencing
statistics). After filtering lowly expressed transcripts based on
the threshold of TPM (transcripts per million < 10) for all 17
tissues, 6,168 transcripts were retained. Among them, 3,142
RNAs were differentially expressed (DE) between tumor and
normal tissues considering a Benjamini-Hochberg adjusted p
value (p-adj) ≤ 0.05, including 1709 overexpressed genes (FC
≥ 1.5) and 1306 (FC ≤ 1.5) under expressed genes (Online
Resource 4). Unsupervised hierarchical clustering analysis
(HCA) of these 3,142 genes showed that normal and tumor
samples clustered into distinct groups (Fig. 1a). Similar results
were also revealed by a principal component analysis (PCA)
(Online Resource 5), demonstrating that CD-SBCs can be
distinguished from normal samples using large-scale gene ex-
pression analyses. To test whether disease-relevant pathways
have been captured in our experiment, the 3142 genes identi-
fied as having significant differential expression were ana-
lyzed by Ingenuity Pathway Analyses (IPA). IPA of DE genes
revealed 25 significant (p value < 0.05) biological function
categories related to the catalogs Disease and Disorder, 21
resulting activated (z-score ≥ 2) and 3 inhibited (z-score ≤ −
2) (Online Resource 6). In detail, a decrease in biological
functions including cell death, lipid oxidation, and transport
of molecules was observed. By contrast, many differentially
expressed genes were involved in activated cancer-related
functions such as cellular invasion and movement, cells pro-
liferation and survival, colony formation, checkpoint control,
and progression of cell cycle. Additionally, genes involved in
the inflammatory response, cellular infiltration by
granulocytes, and fibrogenesis were also significantly
enriched (Fig. 1b).

The top overexpressed genes are cancer-related genes
known to be involved in many types of cancer and included
zinc-finger transcriptional regulators ZIC2 (FC 46.3) and
ZIC5 (FC 48.6); a member of the paired box gene family,
Pax9 (FC 44.30); the cartilage oligomeric matrix protein,
COMP (FC 33.03); and the migratory indicator protein,
CEMIP (FC 30.93) [24, 25]. Besides, an aberrant expression

of WNT signaling components has been observed; specifical-
ly, we found 15 overexpressed and 7 underexpressed genes
(underlined in Online Resource 4). In detail, in CD-SBC,
CDH3 and WNT2 were the most overexpressed genes (FC
> 10), and NR5A2 and SOX6 the most underexpressed (FC <
5). Remarkably, also β-catenin (CTNNB1) and the transcrip-
tion factor SOX9 were upregulated, supporting at RNA level
our previous findings about protein immunohistochemical
overexpression [12].

Finally, we hypothesized that long non-coding RNA
(lncRNA) expression may also change in CD-SBC vs. normal
mucosae. Indeed, inside the DE RNAs, a total of 320
lncRNAs were identified (see Online Resource 4) including
115 overexpressed (FC ≥ 1.5) and 47 (FC ≤ 1.5)
underexpressed. Above all, we found that WT1-AS and the
imprinted oncofetal lncRNA H19 were significantly
overexpressed in tumor tissues compared to non-tumor tissues
(FC 30.85 and FC 10.12, respectively).

Interestingly, we found that 12 HOX genes, 2 lncRNA
(HOXA10-AS and HOXA11-AS) encoded in HOXA cluster,
and 1 miRNA gene (miRNA196A1) encoded in HOXB clus-
ter, were strongly overexpressed in CD-SBC.

Transcriptomic subtype assessment in CD-SBC

To shed light on CD-SBC molecular features, we applied on
13 CD-SBCs the “CMS classifier” [15]. This analysis allowed
to assign nine CD-SBCs (69%) into two of the four CMSs
(Online Resource 7), as 6 samples fitted the CMS1 group and
3 the CMS4. The remaining four tumors (31%), probably
representing either intermediate characteristics or falling out
the cutoff of the algorithm, remained unclassified. The classi-
fication was also performed using the “nearest CMS” to find
the most similar subtype for unclassified samples, revealing
that T12 and T40 were like CMS1; T10 was closely related to
CMS4 while T19 seemed to resemble CMS2 (Online
Resource 7). The distribution of the CMS-like groups is
shown in Fig. 2, including mixed or indeterminate samples.

Differential expression analysis between the two bona fide
CD-SBC subtypes identified (6 CMS1/MSI-immune vs. 3
CMS4/mesenchymal cases) was performed, allowing the
identification of 1,498 DE RNAs considering a Benjamini-
Hochberg p-adj ≤ 0.05, including 537 overexpressed genes
(FC ≥ 1.5) and 950 underexpressed genes (FC ≤ 1.5)
(Online Resource 8). HCA analysis of these 1,498 genes
showed a clear separation between the two sample groups,
while the unassigned samples exhibited a mixed gene expres-
sion pattern (Fig. 2).

To gain insight into the biological characteristics of each of
the subtypes, we performed the GSEA using previously de-
scribed signature of pathways and well-characterized cellular
processes, focusing on the two CMS groups identified in CD-
SBCs and using the 9 samples confidently labeled by the
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CMS classifier (Fig. 3 and Fig. 4, Online Resource 9).
Signatures were considered significant if the corrected FDR
q-value was < 0.05. The CMS1-like/MSI-immune samples
were characterized by increased expression of genes associat-
ed with diffuse immune infiltrate (51 positively correlated
genes, Fig. 3 and Online Resource 9). Specially, immune ac-
tivation analysis revealed in MSI-immune CD-SBCs an over-
representation of specific gene sets related to a strong infiltra-
tion of TH1 cells, follicular helper T (TFH) cells, NK cells, and
immune checkpoints, such as PD-1 (Fig. 3 and Online
Resource 9), characteristics similar to what was observed in
CRC of the same subtype. Worth mentioning, samples classi-
fied as CMS1-like had an elevated expression of genes in-
volved in apoptosis (Caspase cascade), cell cycle progression
and proteasome (PROTEASOME Reactome) pathways, three
prominent signatures also reported in CMS1 CRCs as well as
in the intestinal mucosa of untreated CD patients [24]. The

MSI-immune CD-SBC group encompassed most of MSI/
MLH1 methylated tumors (6 out of 7, considering the
Predicted CMS, all of them referring to Nearest CMS) and
of the CIMP cancers (6 out of 9 considering the Predicted
CMS, 7 out of 9 referring to Nearest CMS).

On the other hand, the CD-SBC samples included in
the CMS4 subtype exhibited gene expression profiles
compatible with stromal infiltration (94 positively
correlated genes, Fig. 4 and Online Resource 9), likely
due to the higher density of stromal cells and/or an acti-
vated state of stromal components. Moreover, they
showed expression of complement components, high ac-
tivity of genes characteristic of a mesenchymal phenotype
and a clear upregulation of genes implicated in epithelial
mesenchymal transition, extracellular matrix remodeling,
and wound response (Fig. 4 and Online Resource 9). This
group of samples was also characterized by enhanced

Fig. 1 a Heatmap and 2-way
hierarchical clustering (Kendal
distance, ward.D linkage) based
on 1709 overexpressed genes (FC
≥ 1.5) and 1306 (FC ≤ 1.5)
underexpressed genes between
CD-SBC samples vs. normal
mucosa, log2(transformed RPM)-
median centered expression are
displayed for each RNA. Normal
(blue label) and tumor (red label)
samples fall in separate clusters. b
IPA showing decreased and
increased biological functions in
CD-SBC samples vs. normal
mucosa. Depicted are functions
with an activation score (z-score)
> 2 (increased activation, red) or ≤
2 (decreased activation, green)
with their corresponding log2 (P)
(right graph)
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stem cell properties, like TGF-β and integrin β3 signaling
activation, necessary for tumor invasion and establish-
ment of metastases.

Correlation of transcriptomic with histologic,
immunohistochemical, and genetic data

Parallel histologic and immunohistochemical analysis of the
13 CD-SBCs confirmed the presence of two distinct tumor
populations, one of which characterized by glandular to med-
ullary histology, increased intratumor T cell infiltration (> 15
CD3+ and > 9.5 CD8+ lymphocytes per high-power field),
and mismatch repair protein loss, and the other one by
desmoplasia-rich mixed to diffuse tumor growth, with vari-
able T cell infiltration (Table 1 and Fig. 5), corresponding to
those fitting into subtypes 1 and 4, respectively, of
transcriptomic investigations. In addition, case T12, an MSI
glandular case with CIMP and high TILs, closely resembled
subtype 1, while case T10, a MSS case without CIMP and
with a multifocal diffuse desmoplastic component, resembled
subtype 4 of transcriptomic investigations, in keeping with the
results of Nearest CMS analysis. The remaining two cases
(T40 and T19) remained unclassified by histologic/
immunohistochemical investigations.

TP53 mutations were mainly found in mesenchymal tu-
mors or in unclassified tumors (Fig. 2 and Table 1).
Interestingly, although most CD-SBCs investigated were
characterized by a relatively indolent behavior, the only two
patients who died of disease showed TP53 mutated tumors
belonging to the mesenchymal group (T13) or to the unclas-
sified CD-SBCs (T40).

MSI-immune CD-SBCs were preferentially located in the
jejunum or in the ileum, frequently characterized by KRAS
mutation and encompassed all the three tumors showing a
medullary-type histology.

Worth of note, all the three bona fide mesenchymal CD-
SBC cases presented with lymph node metastases at diagnosis
in contrast to a minority (17%) of MSI-immune cases.

Discussion

In this study on CD-SBCs, two distinct types of molecular
signatures were clearly identified by gene expression analysis
of tumor tissue, the MSI-immune, and the mesenchymal type,
resembling subtype 1 and subtype 4, respectively, of colorec-
tal CMS [15]. In particular, the first tumor group showed in-
creased expression of genes associated with a strong

Fig. 2 Heatmap and 2-way
hierarchical clustering (Kendal
distance, ward.D linkage) based
on 1498 differentially expressed
genes between CMS1 and CMS4
samples; log2(transformed
RPM)-median centered
expression are displayed for each
RNA. Annotation bars on top of
the heatmap visualize the
membership of the different
samples to the four CMS
categories using “CMS classifier”
(Predicted CMS) and “nearest
CMS” (Nearest CMS) algorithm.
The presence of MSI status (blue
bars), CIMP status (yellow bars),
MLH1 DNA methylation (orange
bars), KRAS mutation (purple
bars), TP53 mutations (green
bars), and PIK3CA mutations
(pink bars), for each sample, is
summarized in the lower panel
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infiltration of TH1 and TFH cells, NK cells, and overexpressed
immune checkpoints, such as PD-1, as well as CIMP patterns.
Three of such tumors (50%) showed KRAS mutation. On the
other hand, the mesenchymal subtype exhibited gene expres-
sion profiles compatible with high density and/or activation of
stromal cells, including those with a frankly mesenchymal
profile (possibly linked to epithelial-mesenchymal transition
and matrix remodeling), and implying enhanced stem cell
properties, such as a TGF-β signaling activation. As expected,
mesenchymal CD-SBCs were MSS, without CIMP, and fre-
quently showed TP53 mutations.

Parallel histological and histochemical investigation of the
same CD-SBCs [11, 12] allowed to support present

transcriptomic profiles, by showing the presence in 7 cases
of MSI, high intratumor T cell infiltration, and glandular to
medullary structure, without intratumor desmoplasia, and, in 4
MSS cases, of a desmoplasia-rich, diffuse, or mixed glandular
to diffuse structure, corresponding, respectively, to type 1
MSI-immune and type 4 mesenchymal CD-SBCs of
transcriptomic analysis.

Immunohistochemical analysis also showed, in most CD-
SBCs [12], nuclear expression of β-catenin and SOX-9, and
two crucial markers of Wnt activation [26, 27], whose over-
expression was confirmed by present transcriptomic investi-
gation. This finding would be at variance with the CRC CMS
classification, where marked Wnt activation is known to be

Fig. 3 Gene set enrichment analysis (GSEA) of genes highly expressed
in CMS1 in comparison with CMS4. Enrichment plots and heat maps for
selected gene sets are represented, complete gene set lists are available in
Online Research 9. The normalized enrichment score (NES), the p value

and the false discovery rate (q-value) are shown for each gene set. Heat
maps shown are truncated to show only the genes identified as
contributing to the enrichment score.
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Fig. 4 Gene set enrichment analysis (GSEA) of genes highly expressed
in CMS4 in comparison with CMS1. Enrichment plots and heat maps for
selected gene sets are represented; complete gene set lists are available in
Online Research 9. The normalized enrichment score (NES), the p value,

and the false discovery rate (q-value) are shown for each gene set. Heat
maps shown are truncated to show only the genes identified as
contributing to the enrichment score
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typical of the canonical CMS2 subtype [15], while MSI CRCs
only rarely display immunohistochemical evidence of Wnt
activation [28]. It should be recalled, however, that nuclear
SOX-9 is also overexpressed in CD crypt hyperplastic cells
[12, 29] as well as in related dysplastic lesions, where it is
coupled with nuclear β-catenin expression and where both
Wnt-related markers may precede the appearance of MSI,
mostly restricted to invasive full-blown cancers [12]. Thus,
the unexpectedly high Wnt activation found in CD-SBCs
might reflect their retention of a special cellular and molecular
background inherent to the underlying intestinal disorder,
rather than the development of a specific molecular cancer
subset. Indeed, in the small intestinal mucosa of untreated
CD patients, nuclear NF-kB activity, known to positively reg-
ulate SOX9 expression [30, 31], has been shown to be consti-
tutively increased [32–34], a change likely promoting the TH1
immune response distinctive of active CD [35] and also found

to be operative in the MSI-immune subset of CD-SBCs (pres-
ent study).

Interestingly, the only subtype other than the MSI-immune
we consistently detected in CD-SBCs was the mesenchymal
one. Several recent studies demonstrated that a peculiar fea-
ture of the mesenchymal subtype is an extensive tumor infil-
tration by Cancer Associated Fibroblasts (CAF) that promote
inflammatory and angiogenic microenvironments [36, 37] and
suggested that CMS4 together with CMS1 are the only CRC
subtypes exhibiting high immune and inflammatory signa-
tures [16].

These observations are confirmed by our transcriptomic
findings and may fit in with our detection of prominent
desmoplasia in such tumors, coupled with increased
intratumor T cell infiltration in two out of the four mesenchy-
mal cases. Of note, in our study, gene expression related to
cytotoxic T lymphocytes did not show significant differences

Fig. 5 Histologic features of
small-bowel carcinomas
associated with celiac disease
(CD-SBC) investigated. a A
medullary-type CD-SBC
(corresponding to case T3 in
Table 1), characterized by a
trabecular-to-solid growth
pattern, a pushing border, and a
prominent intratumoral and
peritumoral lymphocytic
infiltration (H&E). bA glandular-
type CD-SBC (corresponding to
case T4 in Table 1), characterized
by well-formed glandular
structures; note the high number
of CD8-positive tumor-
infiltrating lymphocytes (CD8
immunohistochemistry). c A
mixed-type CD-SBC
(corresponding to case T2 in
Table 1), with a mixture of both
glandular and diffuse pattern
(H&E). d A diffuse-type CD-
SBC (corresponding to case T13
in Table 1), characterized by
poorly cohesive cells arranged in
single elements or small clusters,
dispersed in a prominent, cell-
rich, desmoplastic stroma (H&E).
e, f The same diffuse-type
carcinoma depicted in d is seen at
higher magnification, to
recognize cytokeratin 20 positive
epithelial neoplastic cells
admixed with cancer-associated
fibroblasts (e H&E; f cytokeratin
20 immunohistochemistry)
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between MSI-immune and mesenchymal CD-SBCs, also in
keeping with the increased representation of cytotoxic T sig-
nature in both CMS1 and CMS4 CRCs, as found by Becht
et al [16]. In addition, our data showing that CD-SBCs fall
almost exclusively into the MSI-immune and mesenchymal
subtypes appear very interesting considering the role of chron-
ic immune-inflammatory processes in CD pathogenesis. The
substantial lack among CD-SBCs of tumors recalling canon-
ical CMS2 or metabolic CMS3 subsets, which account for the
majority of CRCs [15], may also suggest that more restricted
immune-inflammatory pathogenetic pathways are operative
among CD-SBCs. In this regard, it should be also recalled that
CIMP has been found in most CD inflamed small-bowel mu-
cosae [38], as well as in MSI-immune CD-SBCs (present
study), further indicating a close molecular link between
mechanisms operative in CD and SBC development.

In several cancers, including CRC [36, 37], the mesenchy-
mal subtype has been shown to associate with worse and the
MSI-immune subtype with a more favorable outcome, in
keeping with our present findings in CD-SBCs, where none
of patients with a MSI, high TIL, and CIMP-positive cancer
showed tumor-related death or evidence of recurrence during
the follow-up. Indeed, the predominance ofMSI-immune sub-
type cases among CD-SBCs may account for the higher sur-
vival rates found in CD-SBC patients in comparison to the
remaining SBC patients [8, 11, 39].

It has been shown in solid cancers of various origin,
including small intestine, that MSI status, usually associ-
ated with high tumor-infiltrating T lymphocytes, may pre-
dict response to PD-1 immune checkpoint blockade ther-
apy [40, 41]. Whether immune checkpoint inhibitors may
also be effective in CD-SBC patients, especially in those
with MSI-immune subtype tumors, remains to be
investigated.

In conclusion, two molecular subtypes have been consis-
tently identified in our series of CD-SBCs, aMSI-immune and
a mesenchymal subtype, the former likely associated with a
more indolent and the latter with a worse tumor behavior.
Present clarification of CD-SBC molecular and cellular pro-
files, with special references to their CRC-shared immune-
inflammatory pathways, may suggest novel therapeutic ap-
proaches. However, further work on larger series of this very
rare tumor disease is needed before clinically relevant conclu-
sions can be obtained.
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