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Abstract 

Background: Transglutaminase 2 (TG2)-mediated enzymatic modification of gliadin peptides plays a major role in the pathogenesis 
of celiac disease (CD). Different inhibitory mechanisms have been reported to reduce TG2 activity but comparative data on the 
cellular level are lacking. Furthermore, recent evidence suggested that endogenous redox proteins such as endoplasmic reticulum 
resident protein 57 (ERp57, inhibits TG2) and thioredoxin-1 (TRX, activates TG2) may regulate TG2 activity. In this study, we aimed to 
compare the effects and applicability of different inhibitors on the activity of recombinant and cellular TG2. Furthermore, we investi
gated the role of ERp57 and TRX in the context of CD by using siRNA-mediated knockdown in Caco-2 cells.

Methods: The effect of TG2 inhibitors on recombinant and extracellular TG2 activity was investigated by using photometric and fluo
rometric quantitation of the cross-linking of biotinylated gliadin peptide P56-88 or 5-(biotinamido)-pentylamine. After siRNA knock
down, the protein levels of ERp57, TRX, and TG2 as well as TG2 activity were investigated by using Western blotting and fluorometry 
in Caco-2 cells.

Results: The active-site-directed inhibitors ERW1041, KCC009, and cysteamine as well as the allosteric inhibitor LDN27219 revealed 
the most prominent reduction in recombinant and cellular (35%–50%) TG2 activity. In contrast, PX12, S-Nitroso-N-acetyl-DL-penicil
lamine, zinc chloride, and ascorbic acid either did not affect TG2 activity or had only moderate effects at high doses close to cytotoxic 
concentrations. SiRNA knockdown of TG2 resulted in a prominent reduction (63%) in TG2 activity, whereas knockdown of ERp57 did 
not; knockdown of TRX only slightly (27%) reduced TG2 activity.

Conclusion: Active-site-directed inhibitors, LDN27219 and knockdown of TG2 expression significantly reduced extracellular TG2 
activity and represent potential alternative treatment targets in the context of CD.
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Introduction
Celiac disease (CD) is a frequent autoimmune disease (1% of the 
Western civilization) triggered by the ingestion of gliadin and re
lated prolamines in genetically predisposed (HLA-DQ2/DQ8 geno
type) individuals. Transglutaminase 2 (TG2) plays an essential 
role in the pathogenesis of CD, as it specifically modifies distinct 
gliadin peptides by transamidation and deamidation [1]. 
Deamidation of α-gliadin increases its affinity towards the HLA- 
DQ2 receptor and promotes antigen presentation. The following 
Th1-mediated immune response results in the production 
of cytokines such as interferon-γ (IFN-γ) and tumor necrosis 
factor-α (TNF-α) and the destruction of the intestinal mucosa 
[2–5]. Transamidation and/or cross-linking of gliadin peptides 
are thought to induce the production of autoantibodies 
including anti-TG2-IgA antibodies and to promote secondary au
toimmunity [6, 7].

Apart from its pathogenetic role in CD, TG2 has multiple phys

iological functions in the intra- and extracellular compartment, 

e.g. the modulation of autophagy and cell cycle as well as tissue 

repair, which require strict regulation of its enzymatic activity 

[8]. In the intracellular compartment, TG2 resides in an inactive 

state (closed conformation), promoted by the guanosine nucleoti

des GDP/GTP and a low calcium concentration. In the extracellu

lar compartment, the presence of allosteric disulfide bonds 

(cysteine residues 370–371) under oxidizing conditions contrib

utes to the inactive state of TG2 [9, 10]. As extracellular TG2 plays 

such a detrimental role in the pathophysiology of CD, it serves as 

a target for potential pharmacological treatment. Unselective, 

competitive amine donors (e.g. cysteamine) and TG2-specific 

substances (e.g. ERW1041, KCC009) that irreversibly bind to the 

active center have been widely used in cell culture and murine 

models [11–15]. Recently, the TG2 inhibitor ZED1227 underwent 
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clinical evaluation in a Phase II trial and attenuated gluten- 
induced duodenal mucosal damage in CD patients [16, 17].

Besides active-site-directed inhibition, allosteric processes 
such as the oxidation of disulfide bonds by PX12, GTP antagonism 
by LDN27219, and S-nitrosylation of thiol groups by S-Nitroso-N- 
acetyl-DL-penicillamine (SNAP) have also been described [12, 18– 
21]. Lately, the calcium antagonism of zinc chloride and the com
plexation of gliadin with ascorbyl palmitate were also suggested 
as potential treatment targets [22, 23]. In addition to exogenous 
TG2 inhibitors, the influence of endogenous redox proteins on 
TG2 activity and their potential role in CD have received atten
tion recently.

In this context, thioredoxin-1 (TRX) was shown to activate ex
tracellular TG2 by reducing the specific disulfide bond in cell cul
ture and murine models [24–26]. TRX is part of an essential 
cytosolic redox system, works as an antioxidant, and modulates 
inflammation and apoptosis [27, 28]. High expression of TRX was 
associated with multiple inflammatory conditions such as rheu
matoid arthritis, acute pancreatitis, sepsis or bronchial asthma, 
and multiple tumor diseases [27, 29]. In addition to its intracellu
lar functions, TRX is also secreted into the extracellular matrix 
by immune cells [24, 25, 30, 31].

In contrast, the oxidative protein endoplasmic reticulum resi
dent protein 57 (ERp57, also known as protein disulfide isomerase 
A3) has been shown to inactivate extracellular TG2 by oxidation 
in a cell culture model [32]. ERp57 contributes to proper protein 
folding and the assembly of the major histocompatibility com
plex MHC-I [33].

However, the contribution of endogenous oxidative proteins 
to the regulation of cellular TG2 activity has hardly been 
addressed. Furthermore, an in-depth comparative investigation 
of the effect of different inhibitory mechanisms on TG2 activity is 
lacking to date.

We therefore performed the first study to compare the influ
ence of active-site-directed and various allosteric inhibitors on 
the activity of recombinant and extracellular TG2. Furthermore, 
we investigated the effects of the siRNA-mediated knockdown of 
ERp57, TRX, and TG2 on TG2 activity in a cell culture model.

Materials and methods
Patient characteristics
All duodenal biopsies were obtained during clinically indicated 
gastrointestinal endoscopy. The study was conducted in accor
dance with the principles outlined in the Declaration of Helsinki 
and was approved by the local ethics committee (reference num
ber 146/16); written informed consent was obtained for every pa
tient. CD was diagnosed according to current guidelines of the 
European Society for Paediatric Gastroenterology, Hepatology 
and Nutrition [34]. Mucosal expression of ERp57, TRX, and TG2 
was investigated by using indirect confocal microscopy in duode
nal biopsies of CD patients and controls (Table 1).

In vitro transamidation of gliadin peptide P56-88 
by recombinant TG2
The detailed assay principle has been published elsewhere [12]. 
Briefly, 96-well plates were coated with 10 nM of TG2 (Zedira, 
Darmstadt, Germany). Incubation with biotin-conjugated gliadin 
peptide P56-88 (LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF; 
Biosynth, Lelystad, The Netherlands) with or without the corre
sponding inhibitors was performed at 37�C for 1 h (Table 2). The 
cross-linked gliadin peptide was detected by using horseradish 
peroxidase (HRP)-conjugated streptavidin (2 µg/mL; Biolegend, 
San Diego, CA, USA) and visualized with the HRP-substrate 

tetramethylbenzidine (Sigma-Aldrich, Darmstadt, Germany). 
Photometric quantitation at 655 nm was performed after 10 min 
by using a Clariostar Plus microplate reader (BMG Labtech, 
Ortenberg, Germany).

Cell culture
Human intestinal epithelial cells Caco-2 (DSMZ-German 
Collection of Microorganisms and Cell Cultures GmbH, 
Braunschweig, Germany) were cultured as previously described 
[12]. Stimulation with 100 or 1,000 IU/mL of IFN-γ (Sigma-Aldrich) 
was carried out for 48 h before the cells were harvested.

Cell viability
The effect of the inhibitors on the viability of Caco-2 cells was in
vestigated by using the resazurin-based PrestoBlue HS assay 
(Thermo Fisher Scientific, Langenselbold, Germany) as described 
elsewhere [12]. Fluorometric examination was conducted by us
ing a Clariostar Plus microplate reader.

siRNA transfection
The siRNA transfection was performed in Caco-2 cells at 60%– 
80% confluence. In brief, lipofectamine 2000 (1:100; 11668019; 
Thermo Fisher Scientific) and the corresponding siRNAs (1:50; 
mock siRNA, ERp57-siRNA, TRX-siRNA, and TG2-siRNA from 
Santa Cruz Biotechnology, Dallas, TX, USA) were diluted in Opti- 
MEM medium (Thermo Fisher Scientific). The diluted lipofect
amine 2000 and the siRNA (1:1, v:v) were incubated for 20 min at 
room temperature and the mixture was added to the cells (total 
volume 96-well plate 50 µL, 24-well plate 100 µL). After 5 h of incu
bation, Caco-2 medium (96-well plate 150 µL, 24-well plate 500 µL) 
was added and the cells were further incubated until 48 h after 
transfection.

Western blotting
The detailed Western blotting protocol using Caco-2 cell lysates 
has been published elsewhere [12]. Primary antibodies (Table 3) 
were incubated at 4�C overnight. The next day, the membrane 
was incubated with the corresponding HRP-conjugated second
ary antibody (anti-rabbit-IgG from Cell Signaling Technology, 
Danvers, MA, USA; anti-mouse-IgG from Santa Cruz 
Biotechnology) for 1 h. The blotting membrane was developed by 
using the SuperSignal West Femto kit (Thermo Fisher Scientific) 
for 5 min. Image processing and quantitation were performed by 
using a ChemiDoc XRSþ imager and Image Lab software (BioRad 
Laboratories, Feldkirchen, Germany).

Fluorometry
Fluorometry was used to investigate the effects of the different 
inhibitors on extracellular TG2-mediated cross-linking of the TG2 
substrate 5-(biotinamido)-pentylamine (5BP; 500 µM; Thermo 
Fisher Scientific) after the Caco-2 cells had been stimulated with 
1,000 IU/mL of IFN-γ (Sigma-Aldrich) for 24 h.

In addition, the protein expression of ERp57, TRX, and TG2 as 
well as the TG2 activity in the Caco-2 cells was investigated fluo
rometrically after siRNA transfection.

After the end of the IFN-γ or siRNA treatment, the Caco-2 cells 
were incubated with 5BP at 37�C for 3 h. To investigate the intra
cellular protein expression and TG2 activity, cells were permeabi
lized with 0.5% Triton for 5 min after fixation with 4% 
paraformaldehyde. This step was omitted when the extracellular 
protein expression and TG2 activity were investigated. Cells were 
blocked with 5% bovine serum albumin and incubated with the 
corresponding primary antibodies directed against ERp57, TRX, 
or TG2 at 4�C overnight on an orbital shaker (only siRNA 
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experiments, Table 3). After three washing steps in phosphate 

buffered saline (PBS), the secondary antibody (goat anti-rabbit 

Alexa555, Thermo Fisher Scientific) was added. To visualize the 

TG2-mediated cross-linking of 5BP, streptavidin-Alexa488 (2 µg/ 

mL, Thermo Fisher Scientific) was applied at room temperature 

for 1 h. Fluorometric quantitation was performed by using a 

Clariostar Plus microplate reader.

Confocal microscopy
Human duodenal biopsies were fixed in 5% paraformaldehyde in 

PIPES buffer, placed in polyvinylpyrrolidone sucrose and frozen 

in liquid nitrogen. Cryosections (400 nm) were obtained by using 
a cryo-ultramicrotome (Leica EM UC6, Leica, Wetzlar, Germany). 
The permeabilization and blocking of tissue sections has been 
described elsewhere [12]. Incubation with the primary antibody 
diluted in blocking solution was performed overnight at 4�C 
(Table 3). AlexaFluor-488-conjugated secondary antibody (goat 
anti-rabbit; 1:200; Thermo Fisher Scientific) was applied for 1 h in 
the dark the next day. Nuclei were stained by using Hoechst dye 
(Thermo Fisher Scientific) diluted in PBS (1:1,000) for 10 min. 
Imaging was performed by using a confocal laser scanning mi
croscope (TE2000-E, Nikon, Langen, Germany) and a 60x Plan 

Table 1. Patient characteristics

Patient Group Sex Age Anti-TG2-IgA (IU/ml) Marsh grade Remarks

1 Control M 13 <2 0 Eosinophilic esophagitis
2 Control F 15 <2 0 Gastritis type C
3 Control F 14 <2 0 Reflux esophagitis
4 Control M 5 <2 0 Reflux esophagitis
5 Control F 15 <2 0 Functional abdomi

nal pain
6 CD M 7 >200 3a
7 CD M 5 >200 3c
8 CD F 10 90 3b
9 CD F 5 134 3a
10 CD M 3 >200 3a Trisomy 21, atrioventricu

lar septal defect

Cut-off anti-TG2-IgA > 20 IU/ml. M ¼male, F ¼ female.

Table 2. Inhibitors used

Substance Group Mechanism Company

ERW1041 Active-site-directed inhibitors Irreversible, TG2-specific binding 
to the cysteine residue in the 
active center

5095220001, Sigma-Aldrich, 
Darmstadt, Germany

KCC009 HY-123290, MedChemExpress, 
Monmouth Junction, NJ, USA

Cysteamine Competitive amine inhibition M6500, Sigma-Aldrich, 
Darmstadt, Germany

PX12 Allosteric inhibitors Oxidation of allosteric disul
fide bonds

M5324, Sigma-Aldrich, 
Darmstadt, Germany

LDN27219 GTP antagonism, stabilization of 
closed (inactive) conformation 
of TG2

HY-16693, MedChemExpress, 
Monmouth Junction, NJ, USA

SNAP S-nitrosylation of thiol groups HY-121526, MedChemExpress, 
Monmouth Junction, NJ, USA

Zinc chloride (ZnCl2) Calcium antagonism Competitive cal
cium antagonism

208086, Sigma-Aldrich, 
Darmstadt, Germany

Ascorbic acid (AA) Gliadin complexation Complexation of immunogenic 
gliadin peptides

A92902, Sigma-Aldrich, 
Darmstadt, Germany

Table 3. Antibodies used

Target Antibody Host/clonality Concentration Company

ERp57 15967-1-AP Polyclonal/rabbit WB: 1:5,000 in 5% BM in PBST 
FL: 1:500 in 5% BSA 
CF: 1:200 in blocking solution 

Proteintech, Planegg- 
Martinsried, Germany

GAPDH MAB374 Monoclonal/mouse WB: 1:5,000 in 5% BM in PBST Merck Millipore, 
Darmstadt, Germany

TG2 D11A6 Monoclonal/rabbit WB: 1:5,000 in 5% BSA in PBST 
FL: 1:500 in 5% BSA 
CF: 1:200 in blocking solution 

Cell Signaling 
Technology, Danvers, 
MA, USA

TRX 14999-1-AP Polyclonal/rabbit WB: 1:10,000 in 5% BM in PBST 
FL: 1:1,000 in 5% BSA 
CF: 1:400 in blocking solution 

Proteintech, Planegg- 
Martinsried, Germany

WB ¼Western blotting, FL ¼ fluorometry, CF ¼ confocal microscopy, PBST ¼ phosphate-buffered saline þ tween-20, BM ¼ blocking milk, BSA ¼ bovine 
serum albumine.
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Apo (NA 1.41) immersion oil objective. Six images per condition 
were obtained (FITC channel: 488/496 nm, UV-channel: 
352/454 nm). Image analysis was performed by using Image J [35]. 
The mean fluorescence intensity of the FITC channel was quanti
fied after the regions of interest in the epithelium and the lamina 
propria were separately drawn manually.

Statistics
Statistical analysis was performed by using GraphPad Prism (ver
sion 10.2.2 GraphPad Prism Software Inc., San Diego, CA, USA). 
Student’s unpaired two-tailed t-test (with Welch correction 
where appropriate) or U test were used where appropriate. P val
ues of <0.05 were considered significant.

Results
Active-site and allosteric inhibitors reduce cross- 
linking of P56-88 by recombinant TG2
First, we investigated the effects of different inhibitory 
approaches on the cross-linking of the gliadin peptide P56-88 by 
recombinant TG2. All tested inhibitors were effective and re
duced TG2-mediated transamidation in a concentration- 
dependent manner. The active-site-directed inhibitors ERW1041, 
KCC009, and cysteamine had comparable effects and reduced 
TG2 activity by �90% at 100 µM (ERW1041 (10 ± 10)%, KCC009 (16 
± 9)%, cysteamine (11 ± 4)%, Figure 1A). As allosteric inhibitors, 
PX12 markedly reduced the TG2 activity at low concentrations of 
�10 µM (7 ± 2)%, whereas LDN27219 only decreased the cross- 
linking by �50% at the doses tested. SNAP also significantly re
duced the TG2 activity, but only at high concentrations of >1 mM 
(Figure 1A). Zinc chloride and ascorbic acid had moderate effects 
and reduced the TG2 activity by �60% at the highest concentra
tions (1 mM, Figure 1A). The equimolar combination of zinc chlo
ride and ascorbic acid (10 µM) was significantly more efficient 
than the treatment with each substance alone (P<0.05, 
Figure 1A). At the higher concentration of 100 µM, there was no 
difference between the combination of zinc chloride and ascorbic 
acid and the application of both substances alone.

Active-site and allosteric inhibitors reduce 
extracellular TG2 activity in Caco-2 cells
Based on the results of the experiments with recombinant TG2 
and the existing literature, we selected the inhibitor concentra
tions for the cell culture experiments. We performed a resazurin- 
based assay to investigate their impact on the viability of Caco-2 
cells. Most substances did not have any effects on cell survival in 
the doses used in the experiments described above (Figure 1B). 
Only SNAP [(86 ± 4)% at 2 mM, (54 ± 12)% at 5 mM, P<0.05, 
Figure 1B] and zinc chloride [(89 ± 4)% at 200 µM, (42 ± 17)% at 
1 mM, P<0.05, Figure 1B] negatively affected cell viability at 
higher concentrations. Therefore, inhibitor doses were adjusted 
to investigate the inhibitory potential of the drug candidates on 
extracellular TG2 on Caco-2 cell monolayers.

The active-site inhibitors ERW1041, KCC009, and cysteamine 
reduced extracellular TG2 activity by �30%–40% (Figure 1C). In 
the group of allosteric inhibitors, PX12 did not affect extracellular 
TG2 activity, whereas LDN27219 reduced the cross-linking of 5BP 
in a dose-dependent manner [(70 ± 10)% at 10 µM, P< 0.05, (42 ± 
9)% at 100 µM, P< 0.01, Figure 1C). SNAP also inhibited the TG2 
activity but only at high concentrations of �1 mM (66 ± 32)% 
(P<0.05). Zinc chloride and ascorbic acid alone did not affect the 
extracellular cross-linking of 5BP, but, when they were combined, 

we observed a dose-dependent inhibitory effect [(66 ± 10)% at 
100 µM, P< 0.01, Figure 1C].

IFN-γ stimulation does not affect epithelial 
expression of ERp57 and TRX
We further aimed to clarify the role of the two endogenous oxida
tive proteins ERp57 and TRX. First, we investigated whether the 
expression of both proteins was associated with a Th1- 
dominated immune response of CD. For this purpose, we treated 
Caco-2 cells with IFN-γ, the main cytokine of Th1-inflammation. 
Stimulation with different concentrations of IFN-γ over 48 h did 
not significantly affect the expression of ERp57 or TRX (Figure 2A 
and B). In contrast, the TG2 expression significantly increased by 
�200% and �400% when using 100 and 1,000 IU/mL of IFN-γ, re
spectively (Figure 2C).

SiRNA-mediated knockdown of TRX reduces 
cellular TG2 activity
To investigate the effect of ERp57 and TRX on cellular TG2 activ
ity, we used siRNA knockdown in Caco-2 cells and observed a re
duced expression of ERp57 by �30% (1.5 ± 0.2 vs 1.0 ± 0.1; P< 0.05, 
Figure 3A) compared with the control condition. The most effec
tive knockdown by 70% (5.8 ± 2.0 vs 1.8 ± 0.5; P<0.01, Figure 3B) 
was shown for TRX, but the TG2 expression was also reduced by 
45% (1.1 ± 0.3 vs 0.6 ± 0.1; P<0.05, Figure 3C). The treatment of 
Caco-2 cells with mock siRNA did not significantly affect the ex
pression of ERp57, TRX, or TG2 (Figure 3A–C). To exclude unspe
cific effects of the siRNAs targeting ERp57 and TRX on the TG2 
expression, we further analysed the protein levels of TG2 after 
siRNA treatment. Incubation with siRNAs targeting ERp57 and 
TRX did not affect the protein levels of TG2 (Figure 3D). Next, we 
investigated the expression of ERp57, TRX, and TG2 as well as 
TG2 activity in permeabilized Caco-2 cells by using fluorometry 
and detected consistent effects of the siRNA treatment on the to
tal cellular expression of all three target proteins. ERp57 expres
sion was reduced by �7% [(93 ± 4)%; P< 0.01, Figure 3E] compared 
with the control condition. We also observed a trend towards a 
reduced expression of TRX [(96 ± 4)%, P¼ 0.05, Figure 3E], but the 
most prominent reduction was observed for the TG2 expression 
[(91 ± 6)%, P< 0.05, Figure 3E].

TG2 activity was measured concomitantly by cross-linking of 
the substrate 5BP. Incubation with ERp57- and TRX-siRNA did not 
significantly alter the TG2 activity (Figure 3F). SiRNA-mediated 
knockdown of TG2, however, significantly reduced the TG2 activ
ity by 35% [(65 ± 25)%, P<0.05, Figure 3F] compared with controls. 
Treatment with mock siRNA did not affect the protein expression 
of ERp57, TRX, and TG2, nor did it influence the TG2 activity 
(Figure 3E and F).

SiRNA-mediated knockdown of TRX reduces 
extracellular TG2 activity
Extracellular TG2 activity, considered to be a key factor in CD 
pathogenesis, was determined by using the fluorometric assay 
described above, but without cell permeabilization.

In line with the previous experiments, the extracellular levels 
of all target proteins were significantly reduced after siRNA 
knockdown, i.e. the expression of ERp57 was reduced by 19% [(81 
± 8)%, P<0.01, Figure 3G] and the TRX expression by 26% [(74 ± 
10)%, P< 0.01, Figure 3G]. The most prominent effect was ob
served for TG2, which was reduced by 31% [(69 ± 4)%, P< 0.01, 
Figure 3G]. Treatment with ERp57-siRNA did not affect the extra
cellular TG2 activity, whereas the treatment with TRX-siRNA led 
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to a reduction by 27% [(73 ± 23)%, P< 0.05, Figure 3H]. Incubation 
with TG2-siRNA resulted in a reduction of extracellular TG2 ac
tivity by �63% [(37 ± 29)%, P< 0.01, Figure 3G]. Again, treatment 
with mock siRNA did not influence the extracellular expression 
of ERp57, TRX, and TG2 or the TG2 activity (Figure 3G and H).

The expression of ERp57, TRX, and TG2 is 
increased in the duodenal mucosa of CD patients
To further address the functional relevance of ERp57 and TRX in 
CD, we evaluated the expression of both proteins in duodenal tis
sue samples obtained from control and CD patients.

Figure 1. Effects of different TG2 inhibitors on the cross-linking activity of recombinant TG2, cell viability, and extracellular TG2 activity. (A) 
Fluorometric quantitation of the cross-linking of biotin-conjugated gliadin peptide P56-88 by recombinant TG2 (n¼3, three technical replicates per 
experiment). (B) Fluorometric quantitation of cell viability after 24 h of incubation with the corresponding substances using the resazurin-based assay 
(n¼3, two technical replicates per experiment). (C) Fluorometric quantitation of extracellular cross-linking of the TG2 substrate 5BP by Caco-2 cells 
(n¼3, with three technical replicates per experiment). All data are shown as mean ± SD. Statistical significance was tested by using univariate ANOVA 
(A) or Student’s t-test with Welch correction. �P<0.05, ��P< 0.01, ���P<0.001, ����P<0.0001. 5BP ¼ 5-(biotinamido)-pentylamine, ZnCl2 ¼ zinc 
chloride, AA ¼ ascorbic acid.
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The expressions of ERp57 in the duodenal mucosa differed be
tween the control and CD patients. In the control patients, ERp57 
was primarily observed at the brush border membrane 
(Figure 4A–C), whereas the mucosa from CD patients revealed a 
significantly stronger expression of ERp57 in the lamina propria 
(Figure 4A–C).

In addition, we investigated the expression of TRX in control 
and CD duodenal biopsies. In the control patients, we observed 
low levels of TRX in the basal epithelium and the lamina propria 
(Figure 5A–C), whereas, in the CD patients, TRX expression in the 
lamina propria was significantly higher compared with that in the 
controls (Figure 5A–C).

Regarding TG2, significant differences were observed for its 
expression sites when duodenal biopsies were evaluated by using 
fluorescence staining. As expected, the extracellular TG2 expres
sion was increased in the CD biopsies (Figure 6A–C). Here, TG2 
was present on the cell surface of duodenal enterocytes 
(Figure 6A and B). In four out of five control patients, however, 
we did not observe any significant TG2 expression in the epithe
lium. Staining of the TG2 was present in the lamina propria of the 
control patients, but to a much lower extent compared with that 
in the CD patients (Figure 6A–C).

Discussion
In this study, we aimed to compare the effects of different 
approaches of TG2 inhibition and their applicability in a cell cul
ture model.

First, we investigated the effects of different inhibitory mecha
nisms on the activity of recombinant and extracellular TG2. 
Besides the TG2-specific, active-site-directed inhibitors ERW1041 

and KCC009, we also tested the competitive inhibitor cysteamine 
as well as the allosteric inhibitors PX12, LDN27219, and SNAP, in 
addition to zinc chloride (calcium antagonist) and ascorbic acid 
(gliadin complexation). All substances significantly reduced 
cross-linking of the gliadin peptide P56-88 by recombinant TG2 in 
a dose-dependent manner. The active-site-directed inhibitors 
showed comparable results at doses of 100 µM (reduction by 
�90%). Among the allosteric inhibitors, PX12 and SNAP markedly 
reduced TG2-mediated cross-linking, but, for SNAP, high concen
trations of 1 mM were needed. Zinc chloride and ascorbic acid 
alone only had moderate effects on TG2-mediated cross-linking. 
The combination of both substances, however, increased the TG2 
inhibition, but, still, the influence was less efficient compared 
with those of the active-site inhibitors, with a reduction of 30%– 
50%. In the cell culture model, LDN27219 (reduction by 50%) and 
SNAP also showed promising results, but, for SNAP, again high 
doses close to cytotoxic concentrations were needed. PX12 did 
not affect TG2 activity in the cell culture experiments, as de
scribed before [12]. Finally, we did not observe any effect of zinc 
chloride and ascorbic acid alone on the extracellular TG2 activity. 
The combination of both only resulted in a moderate inhibition 
at zinc chloride doses close to cytotoxic concentrations.

Recent observations indicated that the addition of zinc chlo
ride and ascorbyl palmitate to wheat flour might prevent the 
TG2-mediated modification of gliadin peptides [22, 23]. However, 
the low efficiency of both substances in our cell culture experi
ments argues against this option. The application of LDN27219 
and SNAP have been investigated by using different cell culture 
and ex vivo models [19, 21, 36], but this is the first study to have 
investigated their potential in the context of CD. Altogether, the 
TG2-specific active-site inhibitors ERW1041 and KCC009 showed 

Figure 2. Effect of IFN-γ on the expression of ERp57, TRX and TG2 in Caco-2 cells. Analysis of relative expression of (A) ERp57, (B) TRX, and (C) TG2 by 
Western blotting after stimulation with different concentrations of IFN-γ over 48 h. No significant change in the expression of ERp57 and TRX. Dose- 
dependent increase in TG2 expression. All data are shown as mean ± SD. Statistical significance was tested by using Student’s t-test. n¼ 4. �P< 0.05.
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Figure 3. SiRNA knockdown of ERp57, TRX, and TG2, and the effect on cellular/extracellular TG2 activity. Caco-2 cells were incubated with specific 
siRNAs or mock siRNA for 48 h. The efficacy of the siRNA knockdown was determined by using Western blotting. Expression of ERp57, TRX, and TG2 
was normalized against the housekeeping protein GAPDH. (A–C) SiRNA treatment significantly reduced expression of (A) ERp57, (B) TRX, and (C) TG2. 
Incubation with mock siRNA did not affect protein expression (n¼4). (D) Treatment with ERp57-siRNA und TRX-siRNA did not show any off-target 
effects on TG2 expression (n¼3). (E) Cellular expression of ERp57, TRX, and TG2 determined by fluorometry after siRNA knockdown. Protein levels of 
all three target proteins were reduced by siRNA-mediated knockdown. (F) Cellular TG2 activity was determined by fluorometry after siRNA treatment. 
SiRNA knockdown of TRX and TG2 reduced cellular TG2 activity (n¼5). (G) Extracellular expression of ERp57, TRX, and TG2 was investigated in 
unpermeabilized Caco-2 cells by fluorometry. Protein levels of all three target proteins were significantly reduced by siRNA-mediated knockdown. (H) 
Extracellular TG2 activity was investigated in unpermeabilized Caco-2 cells by fluorometry. SiRNA knockdown of TRX and TG2 significantly reduced 
extracellular TG2 activity (n¼5). All data are shown as mean ± SD. Statistical significance was tested by using Student’s t-test with Welch correction 
where appropriate. �P<0.05, ��P<0.01, ���P<0.001. GAPDH ¼ glyceraldehyde 3-phosphate dehydrogenase.
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the most consistent and prominent results. This observation is in 

line with the findings of a Phase II clinical trial in which the TG2- 

specific inhibitor ZED1227 attenuated gluten-induced mucosal 

damage in CD patients [16]. However, in contrast to those active- 

site-directed inhibitors, application of the allosteric inhibitor 

LDN27219 might have several advantages. LDN27219 induces a 

conformational change in TG2, which might also target the non- 

catalytic functions of TG2 that may also play a role in CD [19]. 

Furthermore, LDN27219 might have fewer off-target effects, as 

allosteric sites tend to be more unique than active sites. Finally, 
the allosteric inhibition is potentially reversible, allowing finely 
tuned regulation of the TG2 activity [37].

In addition, our data indicate that the siRNA-mediated knock
down of TG2 might represent an alternative approach, leading to 
the most effective reduction of extracellular TG2 activity. This is 
in line with data from a murine model that demonstrated the ef

fect of intravenous siRNA application on TG2 expression in pan
creatic tumor cells [38]. Even though several siRNA-based 
therapies have already reached clinical practice, this approach 

Figure 4. Intestinal expression of ERp57 in control and CD patients. (A) 
Confocal microscopy of ERp57 in duodenal cryosections of control and 
CD patients revealed its predominant expression at the BBM 
(arrowheads) of control patients and the intestinal lamina propria 
(arrows) of CD patients. (B) Detailed images of the duodenal mucosa 
reveal predominant expression of ERp57 at the BBM (arrowheads) of 
control patients. In CD biopsies, ERp57 was strongly expressed in the 
lamina propria (arrows). (C) Overall, expression of ERp57 was significantly 
higher in the lamina propria of CD patients compared with those in 
controls. All data are shown as median. Statistical significance was 
tested by using Student’s t-test. n ¼ 5. �P < 0.05; scale: 20 µm. BBM ¼
brush border membrane.

Figure 5. Expression of TRX is significantly increased in CD biopsies. (A) 
In control patients, TRX was slightly expressed in the epithelium 
(arrowheads), but not in the lamina propria. In CD biopsies, prominent 
levels of TRX were observed in the lamina propria (arrows) and the basal 
epithelium (arrowheads). (B) Detailed images of the duodenal mucosa 
reveal predominant expression of TRX in the epithelium (arrowheads) of 
control patients and low levels in the lamina propria (arrows). In CD 
biopsies, TRX was strongly expressed in the basal epithelium 
(arrowheads) and the lamina propria (arrows). (C) Expression of TRX was 
significantly higher in the lamina propria of CD biopsies compared with 
those of controls. All data are shown as median. Statistical significance 
was tested by using Student’s t-test. n¼5. �P< 0.05; scale: 20 µm.
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still faces several limitations in the context of CD, such as the 
tropism of the molecule, its stability, and off-target effects 
[39, 40].

Finally, we also focused on the therapeutic potential of the 
regulatory proteins ERp57 and TRX by directly addressing their 
impact on cellular and extracellular TG2 activity. In our study, 
the siRNA-mediated knockdown of ERp57 did not affect cellular 
or extracellular TG2 activity (Figure 3), which is in contrast to the 
data from Yi et al., who described a possible inhibitory role of 
ERp57 on extracellular TG2 activity in human umbilical vein 

endothelial cells [32]. For the TRX-siRNA treatment, however, we 
observed a reduced cellular and extracellular TG2 activity, con
firming the activating effect of TRX. This was in agreement with 
existing literature that has shown the stimulating effect of exoge
nous TRX on extracellular TG2 activity on colonic epithelial 
monolayers, macrophages, fibroblasts, and duodenal tissue sec
tions from mice [24–26]. The differential effect observed between 
ERp57 and TRX might be attributable to the larger redox potential 
difference between TRX (–230 mV) and TG2 (–190 mV) compared 
with that between ERp57 (–167mV) and TG2 [32, 41, 42]. However, 
the lower knockdown-efficiency of ERp57-siRNA compared with 
TRX-siRNA might be an alternative explanation.

The potential role of TRX in the intestinal mucosa was also 
suggested by our finding of an increased TRX expression in the 
lamina propria of CD biopsies (Figure 5). As we did not observe an 
effect of IFN-γ stimulation on the TRX expression in Caco-2 cells, 
the TRX in the mucosa probably derived from fibroblasts or mac
rophages and not from enterocytes [24, 25, 43]. However, we also 
observed an increased expression of ERp57 in the lamina propria 
of CD patients (Figure 4). Thus, one might assume that CD- 
associated inflammation may actually trigger the release of TRX 
and ERp57 by fibroblasts or macrophages [24, 43].

In this context, we also observed significant epithelial levels of 
TG2 in CD biopsies. Even though TG2 is suggested to exert its 
pathogenetic role in the lamina propria, several studies also 
pointed towards a contribution of epithelial TG2 to the transport 
of gliadin peptides [12, 44]. This was supported by our observa
tion of the TG2 expression on the cell membranes of duodenal 
enterocytes in the CD biopsies.

Conclusions
Altogether, our data underline the hypothesis that increased TRX 
expression might contribute to CD pathogenesis by activating 
TG2. Furthermore, we demonstrated the high efficiency of TG2- 
specific active-site inhibitors and the siRNA-mediated knock
down of TG2 on extracellular TG2 activity. Future research is 
needed to investigate the potential side effects of long-term inhi
bition of TG2 activity and the applicability of siRNA-based ther
apy for CD.
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