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ARTICLE INFO ABSTRACT

Keywords: Thalidomide has emerged as an effective immunomodulator in the treatment of pediatric patients with in-
Thalidomide flammatory bowel disease (IBD) refractory to standard therapies. Cereblon (CRBN), a component of E3 protein
Pediatric

ligase complex that mediates ubiquitination and proteasomal degradation of target proteins, has been identified
as the primary target of thalidomide. CRBN plays a crucial role in thalidomide teratogenicity, however it is
unclear whether it is also involved in the therapeutic effects in IBD patients. This study aimed at identifying the
molecular mechanisms underpinning thalidomide action in pediatric IBD. In this study, ten IBD pediatric patients
responsive to thalidomide were prospectively enrolled. RNA-sequencing (RNA-seq) analysis and functional
enrichment analysis were carried out on peripheral blood mononuclear cells (PBMC) obtained before and after
twelve weeks of treatment with thalidomide. RNA-seq analysis revealed 378 differentially expressed genes before
and after treatment with thalidomide. The most deregulated pathways were cytosolic calcium ion concentration,
cAMP-mediated signaling, eicosanoid signaling and inhibition of matrix metalloproteinases. Neuronal signaling
mechanisms such as CREB signaling in neurons and axonal guidance signaling also emerged. Connectivity Map
analysis revealed that thalidomide gene expression changes were similar to those exposed to MLN4924, an in-
hibitor of NEDDS8 activating enzyme, suggesting that thalidomide exerts its immunomodulatory effects by acting
on the ubiquitin-proteasome pathway. In vitro experiments on cell lines confirmed the effect of thalidomide on
candidate altered pathways observed in patients. These results represent a unique resource for enhanced un-
derstanding of thalidomide mechanism in pediatric patients with IBD, providing novel potential targets associ-
ated with drug response.

Crohn’s disease
Ulcerative colitis

1. Introduction

Inflammatory bowel disease (IBD), including Crohn’s disease (CD)
and ulcerative colitis (UC), are chronic inflammatory disorders of the
intestinal tract, characterized by relapses and remissions, in which
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complex interactions among genetic, immune, and environmental fac-
tors are involved [1]. IBD is most often diagnosed in adolescence and
early adulthood, with increasing incidence in the pediatric population
[2,3]. Children with IBD tend to present with more extensive anatomic
involvement, more severe disease course and often require more
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aggressive treatment compared to patients with adult-onset disease [4].
A curative therapy does not presently exist, and medical treatment aims
at inducing clinical remission by controlling inflammation and symp-
toms and maintaining remission to prevent relapses [5,6]. However,
significant inter-individual variability is present, and many patients do
not adequately respond to standard therapies and experience severe
drug induced adverse events [7,8]. In the late 1950 s, thalidomide was
prescribed to pregnant women as a sedative and as treatment against
morning sickness, but was found to be teratogenic, causing severe birth
defects [9]. Despite thalidomide’s tragic history, the discovery of its
immunomodulatory, anti-tumour necrosis factor (TNF-a) and
anti-angiogenic properties renewed interest in this drug [10]. Thalido-
mide has been successful used for the treatment of erythema nodosum
leprosum and multiple myeloma [11], and it has been shown to be an
effective treatment for IBD patients refractory to standard therapies,
particularly in the pediatric population [12-15]. Thalidomide long-term
use is often limited by its safety profile: peripheral neuropathy is the
main adverse drug reaction and is a common cause of treatment
discontinuation [16]. However, molecular information on
thalidomide-induced peripheral neuropathy mostly derives from studies
on patients with multiple myeloma [17], and few data have been re-
ported about the causes that trigger this adverse reaction in pediatric
patients with IBD. In 2010, cereblon (CRBN), a substrate receptor
component of E3 protein ligase complex that mediates the ubiquitina-
tion and proteasomal degradation of target proteins, was identified as
the primary target of this drug [18]. CRBN interacts with DNA damage
binding protein 1 (DDB1) to form the ubiquitin E3 ligase complex
cullin-4A (CUL4A)/RING-box protein 1 (RBX1) - DDB1-CRBN
(CRL4A-CRBN). As a substrate receptor, CRBN recruits target sub-
strates to cullin-RING ubiquitin E3 ligase 4 A (CRL4A), mediating the
ubiquitination and proteasomal degradation of target proteins [19].
Thalidomide and its derivatives bind CRBN and inhibit or promote
ubiquitination of target substrates such as the Cys2-His2 (C2H2) zinc
finger proteins Ikaros and Aiolos by CRL4A-CRBN in multiple myeloma
[20-24], however it is not clear if this mechanism is involved also in the
therapeutic effects in IBD patients. Furthermore, thalidomide inhibits
selectively TNF-a expression by enhancing mRNA degradation [25] and
suppresses NF-kB activation, preventing its DNA binding activity [26].
However, the molecular mechanism of action of thalidomide in IBD
pediatric patients is not fully understood and transcriptomic studies in
pediatric patients are still missing.

The aim of this research is to fill in the knowledge gaps of the ther-
apeutic mechanism of action of thalidomide in IBD pediatric patients,
providing new insight for the identification of molecular markers useful
for the identification of new immunosuppressive mechanism in pediatric
IBD and prospectively for the personalization of therapy.

2. Materials and methods
2.1. Patient population

Ten IBD pediatric patients (mean age at enrolment 13.1 years, 6 CD,
6 males) refractory to previous pharmacological therapies were pro-
spectively enrolled at the Institute for Maternal and Child Health IRCCS
“Burlo Garofolo” in Trieste and the “Meyer” Children’s Hospital in
Florence, Italy. Patients were treated with thalidomide at the dose of
1.5-2.5 mg/kg/day for 12 weeks. Clinical activity was assessed using the
“Pediatric Crohn’s Disease Activity Index” (PCDAI) for patients with
Crohn’s disease, and the “Pediatric Ulcerative Colitis Activity Index”
(PUCAI) for patients with ulcerative colitis. All patients showed an
improvement of symptoms after treatment at week 12 with PCDAI or
PUCAI < 10. Peripheral blood was obtained before (pre-treatment, PRE)
and after 12 weeks of treatment (post-treatment, POST) for RNA
extraction and transcriptomic analysis.
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2.2. RNA extraction

Peripheral blood mononuclear cells (PBMCs) were collected by
density gradient centrifugation on Ficoll PaqueTM Plus (Healthcare,
Milan, Italy) before (PRE) and after 12 weeks (POST) of therapy. The
PBMCs were preserved in TRIzol (Thermo Scientific, Waltham, MA,
USA) at — 80 °C up to the RNA extraction, which was done with the
PureLink RNA Mini kit (Thermo Scientific, Waltham, MA, USA), ac-
cording to the manufacturer’s protocol. The total RNA concentration
and purity were determined by NanoDrop instrument (NanoDrop 2000,
Thermo Scientific, Waltham, MA, USA). The absence of significant
degradation of extracted RNAs was evaluated through the calculation of
RNA Integrity Number with an Agilent BioAnalyzer (Agilent, Santa
Clara, CS, USA) instrument. All samples met the quality requirements to
allow the preparation of [llumina sequencing libraries.

2.3. RNA-sequencing

The RNA samples were shipped to the Institute for Applied Genomics
(IGA, Udine, Italy), which carried out library preparation using the
Ilumina TruSeq kit following the manufacturer’s instructions with a
poly-A enrichment strategy. The libraries were subjected to paired-end
(PE) sequencing on an Illumina Hiseq 2000 platform with a 2 x 150
paired-end strategy. Raw sequencing data were processed with the CLC
Genomics WorkBench v.20 (Qiagen, Hilden, Germany), to remove low
quality reads, ambiguous nucleotides, residual adapters and reads
shorter than 30 nucleotides. Trimmed reads obtained from each sample
were independently mapped on the annotated human genome (Ensembl
release 68) using the RNA-Seq Analysis tool included in CLC Genomics
WorkBench, with length fraction and similarity fraction parameters set to
0.98. The gene expression levels have been reported as Transcripts Per
Million (TPM) to ensure full comparability among samples [27]. The
RNA-seq study has been deposited at the NCBI BioProject archive under
the accession ID PRJNA818525.

2.4. Differential gene expression analysis

The expression values calculated for each sample were used as an
input for the statistical analysis of differential gene expression (DGE),
carried out with the CLC Genomics Workbench v.20, which implements
a generalized linear model. In detail, PRE and POST samples were
considered as two different groups in a pairwise comparison. This
analysis tested the effects of the treatment on gene expression, while
controlling for inter-individual variation, regardless of the CD or UC
diagnosis. The differentially expressed genes (DEGs) were selected based
on a False Discovery Rate (FDR)-corrected p-value threshold < 0.05,
combined with a fold change (FC) threshold > 2 (for up-regulated DEGs)
and < —2 (for down-regulated DEGs).

The list of DEGs was subjected to a hierarchical clustering analysis,
based on Euclidean distance and complete linkage, which clustered both
the DEGs and the samples based on gene expression trend similarities.

Two additional DGE analyses were carried out considering sepa-
rately the subgroups of CD and UC patients, using the same methodology
and significance thresholds detailed above for the full dataset including
all IBD patients.

2.5. Functional enrichment analysis

The differential analyses were integrated with functional enrichment
analyses, implemented in a hypergeometric test [28], carried out on the
Gene Ontology (GO) annotations associated with each DEG. The GO
terms which displayed an FDR-adjusted p-value < 0.05 and a difference
between the number of observed and expected occurrences for each term
> 3 were considered as significantly enriched in each subset of DEGs.

The list of DEGs identified in the complete set of all IBD patients was
further analyzed with the QIAGEN Ingenuity Pathway Analysis [29]
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software (Qiagen, Hilden, Germany) with the aim to investigate
enriched pathways in association with differential expression and pre-
dict their activation or repression state, based on their z-score value. For
each canonical pathway, the Fisher’s exact test p-value was calculated to
measure the statistical significance of enrichment in DEGs of the
pathway. Moreover, the ratio of the number of DEGs that are in the
pathway to the total number of gene involved in the pathway was
calculated. Both the p-value and the ratio indicate the impact of the
altered molecular expression on the functional pathways.

In addition, the DEGs list was also used to predict the possible
involvement of upstream regulators and to provide an estimate of the
downstream biological effects listed in the Diseases and Bio Function
categories. The most significant canonical pathways identified by In-
genuity Pathway Analysis (IPA) were graphically displayed as networks,
representing the interactions between molecules and the downstream
biological functions; a few selected upstream regulators of particular
interest due to their relevance in the biological context of this experi-
ment were included.

2.6. Connectivity Map analysis

The top 150 most significant up-regulated and top 150 most signif-
icant down-regulated genes were selected for the implementation of the
Connectivity Map (CMap) analysis [30]. The CMap database collects
gene-expression profiles induced by exposing different cell types to
various compounds, thus representing a popular resource for drug
repositioning. In this case, it allowed to identify similarities between the
alterations of the gene-expression profiles induced by thalidomide and
those induced by the exposure to other perturbagens. The resulted
perturbagens were filtered based on an arbitrary score threshold > 50,
indicating correlation with the alterations induced by thalidomide.

2.7. Cell cultures and differentiation

THP-1 monocytic cell line (ATCC, TIB-202) was grown in RPMI 1640
medium (EuroClone®, Milan, Italy). SHSY-5Y neuroblastoma cell line
(catalogue number 94030304, Sigma-Aldrich, Saint Louis, MO, USA)
was maintained in Dulbecco’s Modified Eagle’s Medium/Nutrient
Mixture F-12 Ham (Sigma-Aldrich, Saint Louis, MO, USA), supple-
mented with non-essential amino acid (10 mM for each amino acid;
Sigma-Aldrich, Saint Louis, MO, USA). All media were supplemented
with 10% (v/v) fetal bovine serum (FBS, Sigma-Aldrich, Saint Louis,
MO, USA), 1% (v/v) L-glutamine 20 nM, 1% (v/v) penicillin 10,000 Ul/
mL and streptomycin 10 mg/mL (EuroClone®, Pero, Milan, Italy). Cell
cultures were maintained according to standard procedures in a hu-
midified incubator at 37 °C with 5% COs, and cells were passaged twice
a week.

THP-1 cells were differentiated into macrophages using 5 ng/mL of
phorbol-12-myristate 13-acetate (PMA, Sigma-Aldrich, Saint Louis, MO,
USA) for 48 h. Monocytes and macrophages were stimulated with
lipopolysaccharide (LPS; Thermo Fisher Scientific, Waltham, MA, USA)
1 ug/mL for 3h [31].

To induce differentiation of SHSY-5Y cell line into a neuron-like
phenotype cell with neurite outgrowth and branches, one day after
plating cells were incubated in Neurobasal medium (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), supplemented with B-27 sup-
plement (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and L-
glutamine (EuroClone®, Milan, Italy). Dibutyryl cyclic AMP 1 mM
(DbcAMP; Sigma-Aldrich, Saint Louis, MO, USA) was added to the me-
dium for 3 days [32].

2.8. Cytotoxicity assay
MTT  (3,4-dimethylthiazole-2,5-diphenyltetrazolium  bromide)

(Sigma-Aldrich, Saint Louis, MO, USA) assay test was used to quantify
the possible cytotoxic effect of thalidomide. Cells were treated with
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different concentrations (50, 100, 200, 400 uM) of thalidomide for 72 h.
Four hours before treatment expiry, cells were incubated with MTT and
finally levels of MTT/formazan were determined by measuring the
absorbance at the double wavelength of 540 and 630 nm.

2.9. Real-time PCR

Expression levels of the most significant downregulated genes
(ADAMTS2 and CELSR2) were evaluated by real-time RT-PCR SYBR
Green and TagMan® analysis respectively, using the CFX96 real-time
system-C1000 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA,
USA). The reverse transcription reaction was carried out with the High
Capacity RNA-to-cDNA Kit (Applied Biosystems™, Carlsbad, CA, USA)
and the real-time PCR was performed in triplicate using the Predesigned
KiCqStart® SYBR® Green Primers (FH1_ADAMTS2 and FH1_ACTB;
Sigma-Aldrich, Saint Louis, MO, USA) and TagMan® Gene Expression
Assay (Applied Biosystems, Carlsbad, CA, USA, Cat. N. 4331182, actin
beta, ACTB ID: Hs01060665_g1; CELSR2 ID: Hs00154903_m1) accord-
ing to the manufacturer’s instructions.

The expression levels were determined using the Ct method (2~
AACTY Gene expression values were normalized using ACTB as reference
gene.

2.10. Engyme-linked immunosorbent assays (ELISA)

ELISA assay was performed for the quantification of PGE2 and cAMP
on supernatants of THP-1 cells. For PGE2 quantification, Prostaglandin
E2 Elisa kit-monoclonal (Cayman Chemical, Michigan, USA) was used.
For cAMP quantification, cAMP Elisa kit (Cayman Chemical, Michigan,
USA) was used. The absorbance was measured by the GloMax-Multi
Detection System (Promega, Milan, Italy).

2.11. Adenosine triphosphate (ATP) determination

SHSY-5Y cells were seeded in 96 well plates and, after 24 h of colture,
were stimulated for 72 h with thalidomide (50-200 uM). After incuba-
tion, cells were lysed using 100 pl of PBS with 0.02% of TritonX100. ATP
was measured using the ATP determination kit (Invitrogen, Thermo-
Fisher, Waltham, MA, USA) following manufacturer instruction in 10 pl
of the lysates and the luminescence was read with the GloMax-Multi
Detection System (Promega, Milan, Italy) and expressed as ATP con-
centration using the standard provided by the kit. ATP level was
normalized on protein concentration.

2.12. Mitochondrial membrane potential and reactive oxygen species
measurement

To measure mitochondrial membrane potential (MMP) and reactive
oxygen species (ROS) production, SHSY-5Y cells were seeded in 96 well
plates and, after 24 h, cells were treated for 72 h with thalidomide
(50-400 uM). After drug exposure, MMP and ROS were measured. For
MMP, JC-1 probe (Sigma-Aldrich, Saint Louis, MO, USA) was used,
loading cells with probe (10 pM) for 30 min at 37 °C, and then the
fluorescence was read immediately. The results were expressed as green
(525 nm) to red (590 nm) fluorescence intensity ratio normalized on
untreated cells. For ROS quantification, CellROX Green Reagent (Invi-
trogen, ThermoFisher, Waltham, MA, USA), a cell-permeant dye, was
added to each well at a concentration of 10 pmol/L. After 30 min of
incubation, fluorescence was measured at the GloMax-Multi Detection
System (Promega, Milan, Italy). The dye is weakly fluorescent when in a
reduced state and exhibits green fluorescence upon oxidation, with ab-
sorption/emission maxima of 485/520 nm. ROS levels were normalized
on protein concentration.
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2.13. Intracellular calcium quantification

To evaluate the effect of thalidomide on intracellular calcium levels,
Fluo-4 acetoxymethyl ester (Fluo-4 AM), a cell-permeant dye (Ther-
moFisher, Waltham, MA, USA) was used to test the effect of this drug on
intracellular calcium. SHSY-5Y, treated with thalidomide at different
concentrations (50-200 pM) for 72 h, were loaded with the dye (10 pM)
for 30 min at 37 °C and then the fluorescence was analyzed with Cyta-
tion5 (Agilent BioTek, Santa Clara, CA, USA). Fluorescence was read by
excitation at 485 nm, and emission at 520 nm, measuring every 0.2 s.
After 60 s, an automated dispenser was used to distribute 10 pL of
thapsigargin, a non-competitive inhibitor of the sarco/endoplasmic re-
ticulum Ca?* ATPase (SERCA), (10 Mm; Sigma Aldrich, Saint Louis, MO,
USA) in each well and followed by continuous fluorescence monitoring.
Fluorescence reads, normalized on baseline (means of first 20 s read-
ings) were reported as maximum normalized fluorescence after thapsi-
gargin stimulation. Untreated cells were used as control.

2.14. Immunoblot assay

Total cell extracts were prepared in RIPA buffer without SDS (150
mM NaCl, 50 mM Tris-HCl Ph8, 1 mM EDTA, 1% NP-40, 0.5% Na-
deoxycholate) supplemented with protease inhibitor cocktail 1X
(ThermoFisher, Waltham, MA, USA). After sonication, protein concen-
trations were determined by BCA assay using bovine serum albumin as
standard. Twenty micrograms of lysates were loaded on Sodium Dodecyl
Sulphate — Polyacrylamide Gel Electrophoresis (SDS-PAGE) 4-12%
gradient gels (NUPAGE 4-12%, Bis-Tris Plus Gels, ThermoFisher, Wal-
tham, MA, USA) and transferred, in wet condition, onto a nitrocellulose
membrane.

Afterwards, each sample was incubated with 5% milk solution in T-
TBS (10 mM Tris-HCI Ph 8, 150 mM NacCl; 0.1% Tween 20) for 1 hat 4 °C
on a rocking platform. After blocking, incubation with the following
primary antibodies, diluted 1:1000, was performed overnight, at 4 °C:
anti-GAPDH rabbit (Cell Signaling Technologies, Danvers, MA, USA);
anti-CREB rabbit (Cell Signaling Technologies, Danvers, MA, USA) and
anti-phospho-CREB rabbit (Cell Signaling Technologies, Danvers, MA,
USA).

Anti-rabbit HRP conjugated (OriGene technologies, Rockville, MD,
USA) secondary antibodies were incubated for 1 h at 4 °C. Proteins were
detected by chemiluminescence using a ChemiDoc system (Bio-Rad
Laboratories, Hercules, CA, USA) and the band’s density was analyzed
using the ImageJ program. All data were normalized on GAPDH.

2.15. Statistical analysis

Statistical analyses were performed using GraphPad Prism. One and
Two-way ANOVA with Tukey’s multiple comparison test were used for
the analysis of gene and protein expression, for ELISA assays, for mea-
surement of intracellular ATP, calcium quantification analysis, quanti-
fication of ROS, MMP and for MTT assay. P-value < 0.05 was considered
statistically significant.

3. Results
3.1. RNA-sequencing

To investigate thalidomide mechanism in responsive pediatric IBD
patients (including both CD and UC diagnoses), we first performed a
transcriptome analysis generated from a total of 20 paired PBMCs
samples obtained before and after treatment. Differential expression
analysis was performed on paired samples collected pre-treatment (PRE)
and post-treatment (POST). The statistical analysis of differential gene
expression, based on nearly 400 million high quality Illumina reads
(Data note S1), highlighted a number of genes that underwent signifi-
cant expression shifts in response to treatment. A total of 378

Biomedicine & Pharmacotherapy 164 (2023) 114927

differentially expressed genes (DEGs) were identified (absolute fold
change > 2, FDR adjusted p-value < 0.05), consisting of 229 up-
regulated genes and 149 down-regulated genes. (Fig. 1, Table S1). An
in-depth view of the DEGs specifically modulated in CD and UC patients
is provided in Data note S1.

3.2. Gene ontology (GO) and Ingenuity Pathway Analysis (IPA)

The association between the differentially expressed genes detected
in the complete dataset of IBD patients and significantly enriched an-
notations based on GO database was investigated with a hypergeometric
test. This analysis allowed the identification of 151 significantly
enriched terms, of which 89 represent biological processes (BP), 32
represent molecular functions (MF) and 30 represent cellular compo-
nents (CC) (Fig. 2A, Table S2). Among MF, the most enriched terms
regarded in particular “transmembrane signaling receptor activity” and
“chemokine receptor activity”. Consistently with these observations, the
GO terms “chemokine-mediated signaling pathway” and “chemotaxis”
were listed among the top enriched BP (Fig. 2A). Other important
enriched BPs in the context of IBD and thalidomide immunomodulator
activity were “inflammatory response”, “immune response”, “cell-cell
adhesion” and “extracellular matrix organization”. The analysis of CC
revealed a highly significant enrichment of genes involved in integral
component of “plasma membrane” and “collagen-containing extracel-
lular matrix”, which are coherent with the enriched MF and BP
described above (Fig. 2A).

Although the separate analyses of CD and UC patients revealed a
relatively small overlap between the DEGs shared by the IBD subtypes
(Fig. S1), the hypergeometric test on GO annotations highlighted a
similar enrichment. Indeed, while CD and UC only shared a limited
fraction of enriched GO categories (BP: 12.8%, CC: 26.2%, MF: 26.9%)
the same high-tier GO macro-categories were represented in both sub-
types (Fig. S2, Fig. S3).

An approach exploiting the IPA database allowed a better compre-
hension of the most significant biological interactions among the
differentially expressed genes identified in all IBD patients. Consistently
with the aforementioned GO enrichment test, several altered canonical
pathways were associated with immune cells activity (“phagosome
formation”, “granulocyte adhesion and diapedesis”, “crosstalk between
dendritic cells and natural killer cells”) (Table 1). Interestingly neuronal
signaling mechanisms such as “CREB signalling in neurons”, “axonal
guidance signaling” and “GABA receptor signaling” (Fig. 2B, Table 1)
also emerged. Among the most significantly enriched canonical path-
ways, “G-protein Coupled Receptor Signaling” (Fig. S4), “CREB
Signaling in Neurons” (Fig. S5) and “Axonal Guidance Signaling
(Fig. S6) were considered for graphical representation to highlight in-
teractions between DEGs and the other molecules involved in the
pathways.

IPA also allowed the identification of several upstream regulators,
which can be considered as strong candidates responsible for the regu-
lation of DEGs (Table 2). Several pro-inflammatory cytokines and pro-
angiogenic factors known to be regulated by thalidomide, such as IL2,
TNF, VEGF, and TGFB1, were identified as upstream regulators of DEGs
in IBD patients.

The complete lists of Canonical Pathways and Upstream Regulators
detected by IPA are available in Table S3 and Table S4 respectively.

3.3. Comparison of the transcriptional effects of thalidomide and other
compounds

The CMap analysis allowed the identification of several compounds
whose treatment was linked with gene expression signatures correlated
with the one induced by thalidomide, among which 16 perturbagens
resulted significant (Table 3). The genes commonly altered by thalido-
mide and the 16 compounds are reported in Table S5.
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Fig. 1. A) Hierarchical clustering based on Euclidean distance and complete linkage of normalized log CPM (Counts Per Million) normalized expression values. Both
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expressed genes.

3.4. Evaluation of the effect of thalidomide on the eicosanoid signaling:
PGE2 quantification in THP1 cell line

After excluding potential cytotoxic effects of thalidomide on THP-1
and THP-1-derived macrophages by MTT test (Fig. S7), we investi-
gated a possible involvement of pathways emerging from RNA-seq
analysis in the mechanism of action of thalidomide starting from the
prostaglandin’s pathway. In particular, PGE2 production was quantified
in THP-1 differentiated after treatment with thalidomide and LPS. As
shown in Fig. 3, thalidomide reduced the production of PGE2 after co-
stimulation with LPS in macrophages.

3.5. Evaluation of the effect of thalidomide on cAMP-mediating signaling
in THP-1 cells

To study the possible alteration by thalidomide in cAMP related
signaling pathways, the production of cAMP was quantified in THP-1
cells and in cells differentiated in macrophages, both treated with
thalidomide and LPS.

The results indicate that, in monocytes, thalidomide induces a sig-
nificant increase in cAMP production, in particular in cells co-treated
with LPS and 200 pM of thalidomide (Fig. 4). Data obtained in macro-
phages are not shown because very low levels of cCAMP were detected,
out of the detection range of the ELISA kit used.

3.6. Cytotoxicity of thalidomide in SHSY-5Y cells: evaluation of
metabolic activity and ROS production

The cytotoxicity of thalidomide in vitro was evaluated both in un-
differentiated and differentiated SHSY-5Y cell lines. The data reported in

Fig. 5 show that thalidomide does not cause changes in viability in the
cell models tested at all concentrations.

The absence of cytotoxicity at the concentrations used was also
confirmed by the analysis of mitochondrial membrane potential and
ROS quantification in SHSY-5Y cells after treatment with the drug
(Fig. 6). Interestingly, thalidomide induced a significant, although
moderate increase in ATP production after the 72 h treatment (Fig. 7).

3.7. Validation of the top 2 downregulated genes by thalidomide in SHSY-
5Y cellular model

The differential expression of the top 2 downregulated genes
ADAMTS2 and CELSR2 measured by RNA-seq on PBMCs of IBD patients
treated with thalidomide was further demonstrated in human neuro-
blastoma SHSY-5Y cell line treated with the drug (Fig. 8). In particular,
ADAMTS2 was downregulated in both undifferentiated and differenti-
ated cell lines while CELSR2 was significantly downregulated in the
differentiated cell line (Fig. 8).

3.8. Intracellular calcium quantification in SHSY-5Y cell line

To monitor the changes in intracellular calcium, in particular the
effect of the drug on calcium release from ER, the site of intracellular
calcium storage, Fluo-4 AM was used as a fluorescent probe. To quantify
the release of calcium from ER, thapsigargin, a non-competitive inhib-
itor of the sarco/endoplasmic reticulum Ca®" ATPase (SERCA), was
added.

As reported in Fig. 9, a significant change in intracellular calcium
levels upon thapsigargin stimulation was evident, with a marked in-
crease of Ca?" peaks at all thalidomide concentrations used, suggesting
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Fig. 2. A) The top 10 enriched terms in
each category were displayed. Each his-
togram is referred to a Gene Ontology
category (Biological process, Molecular
function, Cellular component). GO terms
are ranked according to the FDR
adjusted p-value. B) Canonical pathways
significantly enriched following in-
genuity pathway analysis (IPA). The z-
score indicates predicted activation state
of the canonical pathway. Negative z-
score corresponds to down-regulation of
the pathway, while positive z-score cor-
responds to up-regulation of the
pathway. Ratio denotes the number of
significantly expressed genes compared
with the total number of genes associ-
ated with the canonical pathway.
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Table 1

IPA Enriched Canonical Pathways altered by thalidomide in pediatric patients
with IBD. -log(p-value) describes the significance of the association of canonical
pathways with differential expression. The greater the -log(p-value), the more
significant the canonical pathway. The z-score is a statistical measure deter-
mined to assess prediction of activation (z-score > 0) or inhibition (z-score < 0)
of biological functions; the pathways with no z-score could not be associated
neither with activation nor with repression. Ratio indicates the number of
observed genes that map to the pathway divided by the total number of expected
genes that map to the same pathway.

Ingenuity Canonical Ratio  DEGs

Pathways

-log (p-  z-
value) score

Phagosome Formation 11.4 2.40 0.06 ADGRE1,ADORAS3,
ADRB2,CCR3,CCRS,
CD209,CD36,CELSR1,
CELSR2,CMKLR1,
CX3CR1,CYSLTR2,
FCER1A,FCGR3A/
FCGR3B,FFAR1,FFAR2,
FN1,FZD4,GLP1R,GPR63,
GPRC5A,HRH4,HTRIF,
ITGA3,ITGAS8,ITGAD,
MARCO,MRAS,MSR1,
MYL9,PLA2G7,PLAATS,
PLD5,PTGDR,PTGDR2,
PTGER3,PTGFR,RXFP2,
TLR3

ADGRE1,ADORA3,
ADRB2,CACNA1D,
CACNA1I,CACNBA4,
CACNG6,CACNGS,
CAMK2A,CCR3,CCRS,
CELSR1,CELSR2,
CMKLR1,CX3CR1,
CYSLTR2,FFAR1,FFAR2,
FGFR2,FLT4,FZD4,
GLP1R,GPR63,GPRC5A,
HRH4,HTRIF,MRAS,
NTRK1,PTGDR,PTGDR2,
PTGER3,PTGFR,RXFP2
CCL4,CCR3,CCR8,CXCL1,
CXCL9,CXCR5,HRH4,
IL1RL1,MMP14,MMP28,
MMP9,SDC2,XCL2
CCL4,CCR3,CCR8,CXCL1,
CXCL9,CXCR5,FN1,
ITGA3,MMP14,MMP28,
MMP9,MYL9,XCL2
ADAMTS1,ADAMTS17,
ADAMTS2,FZD4,ITGA3,
ITGAS,ITGAD,L1CAM,
MME,MMP14,MMP28,
MMP9,MRAS,MYL9,
NTRK1,SDC2,SEMASF,
SLIT3,SRGAP1,WNT10A,
WNT5B
CAMK2A,CD209,1L4,
KIR2DL4,KIR3DL1,
KLRD1,TLR3,TREM2
CACNA1D,CACNA1I,
CACNB4,CACNG®,
CACNGS8,GABRE,KCNH2,
MRAS,UBD
CYSLTR2,PLA2G7,
PLAATS5,PTGDR,PTGER3,
PTGFR
MMP14,MMP28,MMP9,
SDc2
CACNA1D,CACNA1I,
CACNB4,CACNG®6,
CACNGS8,CAMK2A,MYL9,
TPM2
ITGAS3,ITGAS8,ITGAD,
MRAS

CREB Signaling in 9.37 2.61 0.05
Neurons

Granulocyte Adhesion 5.07 0.07
and Diapedesis

Agranulocyte Adhesion 4.5 0.06
and Diapedesis

Axonal Guidance 4.31 0.04
Signaling

Crosstalk between 4.07 1.63 0.08
Dendritic Cells and
Natural Killer Cells

GABA Receptor 3.63 0.07
Signaling

Eicosanoid Signaling 3.19 0.09

Inhibition of Matrix 2.52 0.1
Metalloproteases
Calcium Signaling 1.71 0.82 0.04

FAK Signaling 0.96 0.03
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Table 2

Top 15 Upstream regulators determined by IPA. Activation z-scores infers the
activation state of predicted regulators, where positive values correspond to an
activated state and negative values to an inhibited state; p-value of overlap
define the significance of overlapping between the set of genes and the genes

targeted by the upstream regulator.

Upstream Activation p-value Target molecules Target molecules
Regulator z-score of (up DEGs) (down DEGs)
overlap
1L2 2.27 1.80E- ANXA1, CCL4, CXCR5, FCGR3A/
10 CCR3, CCRS, FCGR3B,
CMKLR1, CX3CR1, HSPA1A/HSPAI1B,
DAPK2, EOMES, L1CAM, LRRC32,
FGFR2, GATA1, RGPD4 (includes
GZMA, GZMB, others),
HOPX, HRH4, TNFRSF13B,
IDO1, ILIRL1, IL4, TNFRSF13C
KIR2DL4,
KIR3DL1, KLRC1,
KLRD1, KLRF1,
LGALS12, MME,
MMP9, PROK2,
TNFRSF10C,
TNFRSF9, XCL2
TNF 2.446 3.85E- ADRB2, AKAP12, ARHGEF17,
10 ALDH2, ANXA1, C150rf48,
CABP1, CCL4, CAVIN3, CCN3,
CCR3, CCRS, COL4A3, CXCRS5,
CD163, CD209, FFARI, FLT4, FN1,
CD36, CHI3L1, HID1, HSPA1A/
CLEC5A, CMKLR1, HSPA1B, INHBA,
CPA3, CX3CR1, KCNH2, MMP28,
CXCL1, CXCL9, MSR1, PLEKHGI,
CYYRI, DSC2, PRTN3, SDC2,
EGR1, FGFR2, SYNGR3, WNT10A
GATA2, HDC,
HOXA®9, HP, IDO1,
IGFBP2, IL1RLI,
IL4, KL, LGALS12,
MMP14, MMP9,
NCAM]1, PNPLAI,
PROK2, PRSS23,
PTGFR, RETN,
RGS9, S100A12,
SLC1A3, STAC,
STEAP4, TLR3,
TNFRSF9, TREM2,
UBD, ZNF365
Vegf 1.751 3.44E- ADAMTSI, ACAN,
09 AKAP12, ANGPT4, ARHGEF17,
CHI3L1, CPA3, CELSR1, COL4A3,
CXCL1, CYYRI, FLT4, FN1, HID1,
EGR1, GATAL, INHBA, NRCAM
HDC, HOPX, IL4,
IL5RA, KIR2DLA4,
MMP14, MMP9,
NRG1, RGS9,
TLR3, TNFRSF10C,
TNFRSF9
GATA2 1.597 3.08E- CCR3, CCRS, CCN3, MATN1,
08 CD36, CES1, PRTN3, SLC35D3
CHI3L1, CPA3,
FCERIA, GATAI,
GATA2, GZMA,
HDC, HOXA10,
ILIRL1, IL4,
MCEMP1, MS4A2,
NMES8, RAB44,
TSHB, UBXN10,
ZNF365
L4 1.479 5.05E- ADGRE1, ALDHZ2, C150rf48,
08 ANXA1, CCL4, COBLL1, CXCRS5,
CCR3, CCRS, DNASEI1L3,
CD163, CD209, FCGR3A/FCGR3B,

CD36, CLECI0A,
CXCL1, CXCL9,
CYSLTR2, EOMES,

FN1, HSPA1A/
HSPA1B, KCNH2,

(continued on next page)
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Table 2 (continued)
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Table 2 (continued)

Upstream Activation p-value Target molecules Target molecules Upstream Activation p-value Target molecules Target molecules
Regulator Z-score of (up DEGs) (down DEGs) Regulator Z-score of (up DEGs) (down DEGs)
overlap overlap
GZMA, HDC, LRRC32, MMP28, MMP9, NRGI,
HOPX, HP, IDO1, MSR1, SYNGR3 NTRK1
ILIRLI, IL4, 1L10 0.862 3.45E- CCL4, CCRS, FCGR3A/FCGR3B,
IL5RA, KLRD1, 06 CD163, CD209, INHBA, MSR1,
MARCO, MMP9, CX3CR1, CXCL9, TNFRSF13B,
MS4A2, PTGDR2, GZMA, GZMB, TNFRSF13C
SOX13, TFEC, IDO1, IL4, KLRD1,
TMTC1, TNFRSF9, LZTS1, MMP14,
TPBG, TREMZ, MMP9, MS4A2,
XCL2 SLC1A3, TLR3,
CSF2 2.64 8.43E- ANXA1, CCL4, INHBA, MNS1 TNIP3
08 CD163, CD209, SMARCA4 1.069 7.52E- ALDHZ, CCRS, CEACAMS,
CX3CR1, CXCL1, 06 CLIC2, CXCL1, CXCRS5, EBF1,
EGRI1, FFAR2, EGRI1, FFAR2, FGF9, FN1,
GATA1, HDC, FGFR2, IL4, RETN, ~ GPM6A, HAPLN3,
HOXB4, HRH4, SERPINHI, INHBA, ITGA3,
IDO1, ILIRL1, IL4, TNFRSF10C, PHLDBI, SDC2,
IL5RA, MARCO, TNFRSF9, TREM2, ~ SPOCDI1
MME, MMP14, TRIM36, UBD
MMP9, NCAMI, NEUROG1 0.707 1.09E- Clorf115, CXCL1,  FGF9, FNI,
PNPLA1, PROK2, 05 CYSLTR2, MMP9 INHBA, MTARC2
STEAP3, TNFRSF9,
UBD
TBX21 0.462 1.82E- CCL4, CX3CR1, CXCR5 an increase of calcium release from the ER induced by the drug.
07 EOMES, GZMA,
GZMB, IL1RL1,
IL4, KLRD]I, T
PTGDR2 3.9. CREB activation in SHSY-5Y cells
TGFB1 -1.305 1.91E- ACVRLI, ALDHZ, ACAN, ADAMTS2,
07 CCL4, CCR3, ANXA8/ Immunoblotting analysis of the CREB protein was performed on
CD163, CD36, ANXA8L1, CCN3, SHSY-5Y cells. A significant increase in the expression of phospho-CREB
g?;lg:’l Cgﬁzﬁ’ g}E(LC‘;RsZ’F(I;IzIIS 22’ was observed after treatment with thalidomide at the concentrations of
DSC2, EGRI, FCGR3A/FCGR3B, 200 and 400 pM for 72 h (Fig. 10 and Fig. S8).
EOMES, FCERIA, FGF9, FN1,
FGFR2, GATAI, GPRC5A, HAPLN3, 4. Discussion
GZMA, GZMB, HSPA1A/HSPAIB,
HOPX, IDO1, HTRA1, INHBA, . .
IGFBP2, ILIRLI, ITGA3, LICAM, In order to broaden the knowledge on the mechanisms of action of
IL4, KL, KLRCI, MSR1, PMEPAI, thalidomide, PBMCs isolated from whole blood samples of pediatric
KLRD1, MMP14, RNF152, SDC2, patients with IBD treated with the immunomodulator were used for
MMP9, MS4A2, SPAG4, WNTI10A transcriptome analysis. This analysis considered all IBD patients as part
NCAMI, NMNATZ, f th, dless of th £ CD or UC diagnosis. Th,
RETN, SERPINHI, of the same group, regardless of the presence of CD or iagnosis. The
SLIT3, TPM2, rationale for this choice was based on the observation of very high inter-
WNTS5B, XCL2, individual difference in response, which largely exceeded detectable
ZNF365 differences between the two IBD subtypes. Although CD and UC patients
1L6 3.547 3'779]5' igXI;/ILTlé : ﬂVR{q;AA};gS may display, due to their different clinical condition, different responses
ADGREL ANXAL,  PRIN3 ’ to thalidomide, our experimental design was not adequate to appro-
CCL4, CCNAI, priately address this biological question, which was however prelimi-
CCR3, CD163, narily investigated, as detailed in Data note S1. Our analysis was
ggs;’g’&fggf;m therefore aimed at identifying a set of core genes responsive to thalid-
CX3CR1. CXCL1 omide treatment and shared by all IBD patients. This approach allowed
e detection of a number of significan s. In order to give an
EGR1, EOMES, the detect f b f g fi t DEG: I di t g
FFAR2, GATAI, interpretation of their biological effect, an integrative approach, based
GZMB, HP, IDO1, on the analysis of the altered GO terms and IPA analysis was used. The
E}f}s; 115:/’[}79 most significant shared enriched pathways that emerged were related to
PROK2,, PTGFIQ} the regulation of phagosome formation, chemokine activity, cytosolic
STEAP4, TLR3 calcium ion concentration, cAMP-mediated signaling, eicosanoid
CSF3 0.027 1.55E-  ADGREI, CX3CR1, = CEACAMS, PRTN3 signaling and inhibition of matrix metalloproteinases. Many of these
06 EGRI, GATAI, processes, such as regulation of phagocytosis and inhibition of extra-
GNLY, GZMB, . . .
HDC. TL4. KLRCI cellular matrix degradation, have been already described as pathways
KLRC2, MMP9, altered by thalidomide in vitro [33-35]. Interestingly, IPA also allowed
PROK2 the identification of several endogenous molecules, which can be
IL1 2.837 L89E-  ADAMTSI, ACAN, CEACAMS, considered as strong candidates in the regulation of DEGs. In particular,
06 ADRB2, CCL4, FN1, INHBA

CHI3L1, CXCL1,
CXCL9, EGRI, HP,
IDO1, ILIRLI, IL4,
IL5RA, LAMB2,

a number of pro-inflammatory cytokines and pro-angiogenic factors
known to be regulated by thalidomide, such as IL2, TNF, VEGF, and
TGFB1 [36,37] were identified as upstream regulators of DEGs in IBD
patients. Gene expression studies were followed by CMap analyses,
which permits to provide some insights about the possible mode of
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Table 3
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Significant perturbagens (score >50) with transcriptional profiles similar to thalidomide.

Perturbagen Score Connectivity Map ID Mode of action
MLN-4924 92.07 BRD-K67844266 Nedd activating enzyme inhibitor
BNTX 81.05 BRD-A55484088 Opioid receptor antagonist
NSC-94258 79.43 BRD-K56450366 Antineoplastic
LFM-A12 78.86 BRD-A44551378 EGFR inhibitor
terreic-acid 77.25 BRD-A64228451 BTK inhibitor
QL-XII-47 76.28 BRD-U86922168 BTK inhibitor, Cytoplasmic tyrosine protein kinase BMX inhibitor
7,4'-dihydroxyflavone 70.76 BRD-K50384076 Opioid receptor antagonist
SB-269970 66.25 BRD-K24201553 Serotonin receptor antagonist
WR-216174 65.42 BRD-K26669427 PFMRK inhibitor
HNHA 64.68 BRD-K76698671 HDAC inhibitor
CAY-10585 60.88 BRD-K88551539 HIF modulator
SB-206553 59.37 BRD-K36395411 Serotonin receptor antagonist
RS-56812 58.76 BRD-K20714604 Serotonin receptor partial agonist
BI-78D3 55.82 BRD-K73982490 JNK inhibitor
radicicol 55.58 BRD-K33551950 HSP inhibitor
NF-449 54.9 BRD-K36324071 Purinergic receptor antagonist
* *
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Fig. 4. Evaluation of cAMP levels in THP-1 stimulated or not with LPS after
0- I i I 72 h of treatment with 20 and 200 uM of thalidomide. Two-way ANOVA: col-
N umn factor (Stimulation or not with LPS) p = n.s.; row factor (Thalidomide
C\'ﬁ Q% § § concentration) p = 0.01. Tukey’s multiple comparison * p < 0.05. Data are
v q? (&Q reported as means + SE of three independent experiments performed in
Qg}) V}) quadruplicate.
gﬂ &*2*
Q% QQ,X subsequent ubiquitination of the zinc finger transcription factors, Ikaros
v A and Aiolos [40]. The overlap of gene expression profiles induced by

Fig. 3. PGE2 production in THP-1 macrophages. Evaluation of levels of PGE2
production in THP-1 differentiated in macrophages, unstimulated (Ctrl) or
stimulated with LPS (LPS), after 72 h of treatment with 20 and 200 pM of
thalidomide (THAL). The graphs represent the percentages of PGE2 production
normalized on stimulated cells (LPS). One-way ANOVA: p = 0.0001. Tukey’s
multiple comparison *p < 0.05; * **p < 0.001. Data are reported as means
+ SE of three independent experiments performed in quadruplicate.

action of thalidomide and reveal a few compounds that determined a
gene expression profile in treated cells similar to the one we observed in
this study, allowing the identification of drugs that could be potentially
repurposed for the treatment of IBD patients [30]. The compound with
the highest similarity score identified by this approach, MLN4924, is a
small-molecule inhibitor of NEDDS8 activating enzyme. By blocking the
conjugation of the ubiquitin-like molecule Nedd8 to the cullin scaffold
protein, MLN4924 suppresses ubiquitination activity of the E3 ligase
CRL4A [38], which is responsible for protein ubiquitination and
degradation [39]. Likewise, thalidomide derivatives lenalidomide and
pomalidomide effects are determined by altering ubiquitination of
target substrates by CRL4A-CRBN. In particular, their anti-proliferative
and immunomodulatory effects in multiple myeloma cells are induced
by the direct interaction with CRBN, which enhances the binding and

thalidomide in pediatric IBD patients and MLN4924 identified 128
genes commonly altered by both treatments. The functional character-
ization of these genes determined a main involvement in
chemokine-mediated signalling pathway and immune response
(Table S6). Considering the single genes commonly altered by both
compounds, several (EGR1, ANXA1, CES1, DNASE1L3, FFAR2, IDO1,
IL4, MMP9, PRKCDBP, TNFRSF10C) are regulated by Ikaros and Aiolos.
The above findings suggest an interesting possibility that thalidomide
and MLN4924 exert similar immunomodulatory effects as already
described in IBD mouse models [41]. Moreover, these observations
suggest that thalidomide could alter the substrate specificity of CRBN for
proteins important in IBD among which ubiquitin-specific protease,
NF-kB and TGFp [42].

To confirm the role of candidate pathways altered by thalidomide in
our cohort of patients, in vitro experiments were performed. The
monocytic cell line THP-1 and THP-1-derived macrophages were
employed to investigate the possible involvement of pathways emerging
from RNA-seq analysis related to the immunomodulatory and anti-
inflammatory effect of thalidomide. In particular, on THP-1 cells stim-
ulated with LPS we demonstrated the ability of thalidomide to influence
the eicosanoid signaling by diminishing the secretion of PGE2 in a dose-
dependent manner. PGE2 is present in most tissues at biologically
functional nanomolar levels, and its levels are increased in sites of
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Fig. 5. Evaluation of the cytotoxic effect of thalidomide in SHSY-5Y cells. Cells differentiated (DIFF) or not (UND) were treated with thalidomide for 72 h. The
percentages were calculated on the untreated cells (Ctrl). One-way ANOVA: UND p = n.s., DIFF p = n.s. Data are reported as means + SE of three independent

experiments performed in quadruplicate.
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Fig. 6. Effect of thalidomide on mitochondrial membrane potential (MMP, A¥,,) and ROS production in SHSY-5Y cells. Cells were treated with thalidomide for 72 h.
The pictures represent the ratios of JC-1 monomeric form to JC-1 aggregates (red/green fluorescence) for untreated (Ctrl) and treated cells, normalized on untreated
cells. Ratio between ROS and protein concentration was normalized on untreated cells (Ctrl). One-way ANOVA: MMP p = n.s.; ROS p = n.s. Data are reported as

means =+ SE of three independent experiments performed in quadruplicate.
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Fig. 7. ATP levels in SHSY-5Y cells treated with thalidomide. Cells were treated
with thalidomide for 72 h. The percentages were calculated on the untreated
cells (Ctrl). Ratio between ATP and protein concentration was normalized on
untreated cells (Ctrl). One-way ANOVA: p = 0.02, Tukey’s multiple comparison
*p < 0.05. Data are reported as means + SE of four independent experiments

performed in quadruplicate.

10

inflammation [43]. Reduced levels of PGs were reported in mucosal
tissue from UC patients after treatment with sulfasalazine, sulfapyridine,
and 5-aminosalicylic acid [44]. Thalidomide may reduce levels of PGE2,
through the modulation of enzyme prostaglandin G/H synthase activity,
as described in previous works [45-47], suppressing intestinal inflam-
mation in IBD patients.

In addition, the modulating G protein-coupled receptor (GPCR)
pathway and cAMP-mediated signaling emerged from the enrichment
analysis among the most significantly altered pathways. Many drugs act
on GPCRs and produce their effects by increasing or decreasing the ac-
tivity of adenylate cyclase, thereby modulating the production of cyclic
adenosine monophosphate (cAMP) [48]. cAMP is a potent regulator of
innate and adaptive immune cell functions and as a result of its
increased levels a reduction of pro-inflammatory cytokines among
which TNF, IL-17, and IFN-y has been extensively described [49,50]. To
demonstrate the possible alteration by thalidomide in cAMP related
signaling pathways, the production of cAMP was quantified in THP-1
cells. Thalidomide led to a significant increase in cAMP levels in
monocytes stimulated with LPS. This result could depend on the ability
of thalidomide to inhibit phosphodiesterases (PDE), the enzymes that
convert cAMP to AMP, causing an increase in cAMP. This mechanism is
reminiscent of that of apremilast, sildenafil and derivatives, and ana-
logues of thalidomide [51,52]. In particular, the efficacy of the PDE4
inhibitor apremilast in UC patients was already reported [53] indicating
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Fig. 8. Quantification of ADAMTS2 and CELSR2 expression levels in SHSY-5Y treated with thalidomide. ADAMTS2 and CELSR2 gene relative expression (2744CT
was calculated with respect to the housekeeping ACTB gene on SHSY-5Y cells differentiated (DIFF) or not (UND). Two-way ANOVA: ADAMTS2 column factor
(treatment) p < 0.0001; CELSR2 column factor (treatment) p = 0.01. Tukey’s multiple comparison * p < 0.05; * * p < 0.01, * ** p < 0.001, * ** * p < 0.0001. Data
are reported as means =+ SE of three independent experiments performed in quadruplicate.
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Fig. 9. Quantification of intracellular calcium. Relative expression of calcium
peaks in SHSY-5Y cells treated with thalidomide (50-200 pM) for 72 h.
Maximal relative fluorescence units (RFU) were normalized on baseline read-
ings (means of first 20 s readings). Untreated cells were used as controls (Ctrl).
One-way ANOVA: p < 0.001. Tukey’s multiple comparison post-test
**p < 0.01, * **p < 0.001. Data are reported as means =+ SE of three inde-
pendent experiments performed in quadruplicate.

that this molecular mechanism, which leads to an increase in cAMP
levels, could be important in the resolution of inflammation in IBD pa-
tients treated with thalidomide.

In addition to the pathways and genes analyzed related to the
immunomodulatory mechanism of thalidomide, the hypergeometric test
and IPA analysis revealed some overrepresented pathways linked to
functions and components of the nervous system. Since peripheral
neuropathy is one of the most frequent adverse events of thalidomide
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and is a common cause of treatment discontinuation [16], we considered
important to verify the validity of the results obtained. For this purpose,
SHSY-5Y neuronal cells, were used to evaluate the effect of thalidomide
in vitro. By measuring various parameters indicative of viability such as
metabolic activity and ROS production it was possible to demonstrate
that thalidomide does not alter cell growth as already reported for other
cell types [33,54]. Interestingly, our data seems to suggest a possible
"decoupling" between ATP production and ROS production, as observed
in another model of neuropathy [55]; excess intracellular ATP has been
shown to be causative for neuropathic pain in spinal cord injury [56]. In
the literature, the mechanisms by which drugs as chemotherapeutics
lead to a peripheral neuropathy has been largely described and involves
principally oxidative stress, alteration in ion channel activity, neuro-
inflammation, and mitochondrial damage [57] but our data suggest a
different mechanism of action of thalidomide neurotoxicity. The dif-
ferential expression of the top 2 downregulated genes ADAMTS2 (ADAM
Metallopeptidase With Thrombospondin Type 1 Motif 2) and CELSR2
(Cadherin EGF LAG Seven-Pass G-Type Receptor 2) measured by
RNA-seq on PBMCs of IBD patients treated with thalidomide was further
demonstrated in SHSY-5Y cell line treated with the drug but no data
about their role in peripheral neuropathy have been published.
ADAMTS?2 is a secreted metalloproteinase which excises the N-propep-
tide of the fibrillar procollagens types I-III and type V [58] and its
transcription is primarily controlled by the cAMP/CREB signalling [59].
This pathway resulted deregulated by thalidomide as reported from IPA
analysis. Moreover, increasing evidence suggests the role of ADAMTS
family proteins in neuroplasticity [60]. CELSR2, an atypical cadherine,
is involved in neuron axon growth and regeneration [61,62] and its
upregulation has been observed after peripheral nerve injury [62].
Regarding the mechanisms of these two proteins in thalidomide-induced
peripheral neuropathy, further investigation is needed.

Considering the number of biological processes related to the cal-
cium signaling and transport obtained from GO and IPA analysis,
intracellular calcium (Ca®") was measured in SHSY-5Y cells treated with
thalidomide for 72 h. The results demonstrated a significant increase of
intracellular calcium after stimulation with thapsigargin, an inhibitor of
sarco(endo) plasmic reticulum Ca®" ATP-ase (SERCA), underlying an
effect of thalidomide on calcium homeostasis. In the literature, the effect
of thalidomide on intracellular calcium levels is currently poorly stud-
ied, in particular in neuronal cell models. Abnormal neuronal calcium
homeostasis has been implicated in numerous diseases of the nervous
system, including peripheral neuropathies induced by chemotherapy
[63]. Increased cytosolic calcium concentrations initiate the activation
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Fig. 10. PAN-CREB and phospho-CREB (P-CREB) protein expression in SHSY-5Y cells treated with thalidomide. Protein lysates were obtained from SHSY-5Y cells
treated with thalidomide 0 (Ctrl), 200 and 400 uM for 72 h. GAPDH was used as internal control. Representative western blot image of one of three replicates.
Statistical analysis: One-way ANOVA: p = 0.03; Tukey’s multiple comparison: *p < 0.05.

of several kinase-dependent signalling cascades leading to CREB acti-
vation [64], an overrepresented pathway emerged with IPA. Indeed, our
study demonstrated that thalidomide increased CREB activation in
SHSY-5Y cells, confirming the crucial role of these pathways in thalid-
omide action. Further experiments will be needed to investigate the
downstream effects of this Ca%* increment after thalidomide treatment
in neuronal cells. In the future, an in-depth analysis of the altered
pathways emerged from our work should also be validated on different
cellular models such as IBD patient-derived intestinal organoids to
obtain more information regarding the mechanism of action of thalid-
omide at the epithelial tissue level.

This study has some limitations regarding the relatively small size of
the cohort that for instance prevents adjusting the analysis for the
different disease type (CD and UC). Future investigations should be
addressed in a larger number of pediatric patients affected by IBD, to
highlight differentially expressed genes and altered pathways by
thalidomide in CD and UC.

An additional limitation is related to the tissue (PBMCs) used to
conduct the transcriptomic analysis. Even though a mixed cells analysis
is suboptimal, since differences in gene expression can be driven by
differences in the cellular composition of starting material, the investi-
gation of gene expression in PBMCs represents a simple approach with
diagnostic purpose, and easier to translate in clinical practice. In the
future, it will be important to evaluate the effect of thalidomide also in
other cell types such as intestinal epithelium, due to the important role
of this tissue in IBD pathogenesis [1]. Moreover, in order to improve our
knowledge on the mechanism of thalidomide-induced neuropathy,
neuronally-derived extracellular vesicles could be an innovative tool for
better understanding the molecular basis of this adverse event [65].

In conclusion, exploring thalidomide-induced alterations in gene
expression in pediatric patients with IBD allowed to elucidate its
mechanism of action, highlighting that the ubiquitin-proteasome
pathway is an important target for the immunomodulatory effects.
The transcriptomic analysis provides the molecular basis for the iden-
tification of biomarkers associated with efficacy and/or adverse events
related to thalidomide treatment in pediatric IBD patients useful for
therapy personalization. Most of the overrepresented pathway emerged
with in silico analysis can be recapitulated in vitro providing a valuable
tool to fill up a significant gap in understanding the molecular mecha-
nism of thalidomide. Understanding the underlying mechanisms of
thalidomide-induced peripheral neuropathy could be useful to prevent
the onset of this complication and to treat the most severe symptoms.
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Personalization of therapy based on this information will result in higher
quality of life, lower toxicity, and a more rational treatment.
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