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Abstract
BACKGROUND
The gluten-free diet (GFD) has limitations, and there is intense research in the development of adjuvant therapies.

AIM
To examine the effects of orally administered Aspergillus niger prolyl endopeptidase protease (AN-PEP) on inadvertent gluten exposure and symptom prevention in adult celiac disease (CeD) patients following their usual GFD.

METHODS
This was an exploratory, double-blind, randomized, placebo-controlled trial that enrolled CeD patients on a long-term GFD. After a 4-wk run-in period, patients were randomized to 4 wk of two AN-PEP capsules (GliadinX; AVI Research, LLC, United States) at each of three meals per day or placebo. Outcome endpoints were: (1) Average weekly stool gluten immunogenic peptides (GIP) between the run-in and end of treatments and between AN-PEP and placebo; (2) celiac symptom index (CSI); (3) CeD-specific serology; and (4) quality of life. Stool samples were collected for GIP testing by ELISA every Tuesday and Friday during run-ins and treatments.

RESULTS
Forty patients were randomized for the intention-to-treat analysis, and three were excluded from the per-protocol assessment. Overall, 628/640 (98.1%) stool samples were collected. GIP was undetectable (< 0.08 μg/g) in 65.6% of samples, and no differences between treatment arms were detected. Only 0.5% of samples had GIP concentrations sufficiently high (> 0.32 μg/g) to potentially cause mucosal damage. Median GIP concentration in the AN-PEP arm was 44.7% lower than in the run-in period. One-third of patients exhibiting GIP > 0.08 μg/g during run-in had lower or undetectable GIP after AN-PEP treatment. Compared with the run- in period, the proportion of symptomatic patients (CSI > 38) in the AN-PEP arm was significantly lower (P < 0.03). AN-PEP did not result in changes in specific serologies.

CONCLUSION
This exploratory study conducted in a real-life setting revealed high adherence to the GFD. The AN-PEP treatment did not significantly reduce the overall GIP stool concentration. However, given the observation of a significantly lower prevalence of patients with severe symptoms in the AN-PEP arm, further clinical research is warranted.

Key Words: Celiac disease; Aspergillus niger prolyl endoprotease; Gluten immunogenic peptides; Trial; Symptoms; Real-life trial
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Core Tip: In treated celiac disease (CeD) patients, exposure to gluten due to both voluntary and involuntary dietary lapses is prevalent and often leads to persistent symptoms despite adherence to a gluten-free diet. The potential of oral administration of Aspergillus niger prolyl endopeptidase (AN-PEP) in preventing the effects of inadvertent gluten exposure, as confirmed by gluten immunogenic peptide (GIP) stool excretion, and reducing CeD-specific symptoms in adults remains uncertain. Our study findings indicate that while AN-PEP did not significantly reduce overall GIP stool excretion, it notably lowered the prevalence of severe symptoms compared to the placebo arm.

INTRODUCTION
Celiac disease (CeD) is a systemic autoimmune disorder that primarily affects the small intestine and is caused by gluten exposure in genetically susceptible people[1]. Currently, its only treatment is a strict gluten-free diet (GFD), which results in gradual improvement of symptoms and mucosal damage[2]. Gluten elimination is a difficult, time-consuming, and expensive process for patients[3]. Despite a GFD being notably effective in the long term for most patients, some may be considered non-responsive or experience symptom relapse and/or persistent enteropathy despite long-term adherence to a GFD[1,2]. Exposure to gluten caused by voluntary and involuntary dietary lapses is common and is thought to be responsible for most cases of persistent symptoms, low quality of life (QoL), intestinal mucosal damage, and the risk of complications[4-6]. Such dietary exposure to gluten has been objectively demonstrated by the excretion of gluten immunogenic peptides (GIP)[7,8].
The burden of following a GFD has led to the exploration of various potential therapies to be used alongside the GFD[2,9]. Mammalian enzymes cannot effectively break down proline and glutamine-rich protein sequences, resulting in incomplete degradation of gluten in the intestinal lumen. This exposes the intestinal mucosa to immunogenic gluten peptides, which in CeD will reactivate the disease and gluten-specific T cells[10,11]. Several microbial peptidases have been identified as potentially useful for detoxifying cereal prolamins[12-14]. The different proteases differ in affinities and hydrolysis specificity, as well as in their optimal pHs. One of the first peptidases studied in vitro and in vivo in pre-clinical studies was a prolyl endopeptidase from the Aspergillus niger (A. niger) fungus (AN-PEP)[10,15-17]. AN-PEP is optimally active at low pH values typically found in the stomach and is resistant to degradation by pepsin[13,17]. A study conducted in a dynamic system that resembles the human gastrointestinal tract revealed that AN-PEP can accelerate gluten degradation[18]. A study using a challenge meal with gluten plus AN-PEP found a high rate of hydrolysis with a reduction of gluten-immunogenic peptides in the stomach before reaching the small intestine[12]. A clinical challenge study conducted over a 2-wk period showed that AN-PEP was well tolerated but had no significant advantages over placebo on clinical features or biomarkers[19]. Given that AN-PEP has been approved for marketing as an alimentary supplement, no additional clinical studies have been conducted to demonstrate whether it could be efficacious in other clinical stages of the disease, such as symptomatic patients likely exposed to real-life contamination. Therefore, we explored whether oral administration of AN-PEP prevents the effects of the commonly occurring involuntary gluten exposure, as verified by GIP stool excretion, and the reduction of CeD-specific symptoms in adult CeD patients who continued their usual GFD.

MATERIALS AND METHODS
Study design and enzymatic treatment
This was a real-life exploratory pilot study following a prospective, double-blind, randomized, placebo-controlled design that enrolled adult patients with CeD on a GFD for more than 2 years. Consecutive patients attending our Celiac Disease Clinic at the C. Bonorino Udaondo Gastroenterology Hospital were invited to be screened. CeD patients were enrolled if they met the following criteria: (1) A well-established histological (Marsh’s type 3) and serologic diagnosis of CeD; (2) self-considering to be adherent with the GFD for more than 2 years; (3) having at least one bowel movement/day or every other day; (4) being able to provide serum samples at enrollment and the end of the study period; (5) being able to collect and store samples frozen, and transport stool samples to our institution in specially provided containers; and (6) having the ability to respond to symptom and QoL questionnaires. Patients who were unwilling to participate, intentionally ingested gluten, had uncontrolled concomitant disorders (e.g., type I diabetes, hypothyroidism), had type II refractory CeD, or were taking drugs that could potentially affect stool GIP excretion (laxatives, probiotics, etc) were excluded from the study. Patients who met the inclusion and exclusion criteria underwent clinical evaluation, completed the celiac symptom index (CSI) clinical questionnaire and the Short Form-36 (SF-36) QoL questionnaire, and provided blood samples for clinical biochemical and serological determinations at baseline and at the end of the study. After a 4-wk run-in period to achieve stable dietary adherence, patients were assigned to a 4-wk treatment period in which they consumed either two capsules during each of the three main meals/day of AN-PEP (325 mg/capsule containing 70% AN-PEP, 30% maltodextrin, and citric acid) (GliadinX; AVI Research, LLC, New York, NY, United States), or placebo (maltodextrin, citric acid, and microcrystalline cellulose) for 4 consecutive weeks (Figure 1). The protease is an enzyme preparation of prolyl-oligopeptidase produced with a genetically modified A. niger strain. This enzyme’s composition and production process have been previously reported[19,20]. The dose of AN-PEP administered was the highest dose employed in the study König et al[16], which provides 174000 protease picomol IU/meal, where the authors demonstrated that AN-PEP significantly degraded most gluten in the stomach before it entered the duodenum. Other studies have shown that degradation of gluten proteins in the insoluble fraction became evident after 30 min at pH 4, the optimum pH for AN-PEP activity, with the strongest effect observed at a concentration of 20 propyl peptidase units/g gluten[21,22].

CSI questionnaire
The presence and intensity of symptoms were assessed at the time of randomization and at the end of the study using the CSI questionnaire. The CSI is a well-validated questionnaire of 36 items, developed in 2009 by an expert committee and, subsequently, internally and externally validated[23]. The CSI questionnaire includes 16 items, with 11 items evaluating “specific symptoms” related to CeD and five evaluating “general health” parameters. Participants rate each item on a Likert scale ranging from 1 to 5, where 1 represents no symptoms and 5 indicates the highest intensity for the given symptom. In previous comparative clinical studies, we have considered scores > 38 on the CSI to be indicative of a highly symptomatic clinical level of CeD[24]. By assessing symptom presence and intensity using the CSI, we were able to evaluate the impact of the enzyme treatment on symptom improvement and overall patient well-being throughout the study.

Self-administered quality-of-life questionnaire
The impact of the enzyme treatment on patients’ QoL was evaluated by assessing parameters and gastrointestinal symptoms using the SF-36 health survey[24]. The SF-36 includes eight sub-dimension measures of functioning and wellness: physical functioning, role limitations due to physical problems, bodily pain, general health, vitality, social functioning, role limitations due to emotional problems, and mental health. We measured these sub-dimensions at randomization and at the end of the trial and transformed the raw scores into a scale ranging from 0 to 100. A score of 0 indicates the poorest health and QoL, while a score of 100 represents optimal health and QoL. This assessment allowed us to evaluate the impact of the enzyme treatment on various aspects of the patient’s well-being and overall QoL.

Stool collection and GIP measurement
[bookmark: _Hlk124183920]During the study, patients were instructed to collect stool samples twice a week (on Tuesdays and Fridays) throughout the two 4-wk periods (run-in and treatment) in both arms. The samples were immediately placed in sealed containers and frozen at -10 °C until they were delivered to our laboratory. Upon arrival at the laboratory, the samples were stored at -20 °C until they were tested for GIP measurement. To quantify GIP in the stool samples, a commercial ELISA kit (iVYLISA GIP-Stool; Biomedal S.L., Sevilla, Spain) was used following the manufacturer’s instructions. This kit has been previously reported in the literature[8,25-27]. The detection limit of GIP is 0.08 μg/g of stool. Stool GIP testing was performed in duplicate, and the average concentration of eight measurements from both the run-in and treatment periods was reported. In the study, all analyses were conducted by operators who were deliberately blind to the clinical status of the patients and the type of treatment they were undergoing.

Celiac disease-specific serology
Serum samples were kept frozen at -20 °C until the assay was performed in only a single lab. The CeD-related tests and cut-offs were: (1) IgA tissue transglutaminase antibodies (tTG IgA) by ELISA (QUANTA LiteTM, h-tTG IgA; Inova Diagnostic Inc., San Diego, CA, United States); and (2) IgA antibodies reacting with deamidated gliadin-derived peptides (IgA DGP) (QUANTA LiteTM, IgA DGP; Inova Diagnostic Inc.) were performed at enrollment and at the end of the trial. Cut-off for both tests was 20 U/mL.

Study ethics, data analysis and safety issues
The study was approved by Dr. C. Bonorino Udaondo Gastroenterology Hospital’s institutional ethical committee and the local research committee (CODEI). All patients were required to provide written informed consent. Patients were enrolled between October 2020 and July 2022. The study’s results were blinded to the researchers performing clinical and biochemical analyses and collecting reports (CSI and SF-36 questionnaires). The study was registered at ClinicalTrials.gov under the number NCT04788797.
[bookmark: _Hlk125812942]Based on the very limited availability of previous studies on AN-PEP and the evidence of gluten exposure in real life (determined by the excretion of stool GIP), this was an exploratory study. While we initially aimed at recruiting 80 patients, the long quarantine imposed in Argentina during the coronavirus disease 2019 (COVID-19) pandemic forced us to reset our aim to n = 40. Patients returning > 30% of capsules administered at the randomization were part of the per-protocol (PP) evaluation. After a 4-wk run-in period, patients were allocated to one of the two treatments (AN-PEP or placebo). A block randomization method (blocks of four subjects each) elaborated by an independent statistician was administered by an independent person who was not involved in the study analysis or an author of the study. The order of blocks was also randomized. Stata 14 (Stata Corp, College Station, TX, United States) was used for the statistical analysis. According to the data distribution, continuous variables were reported as median and 25%-75% percent interquartile range (IQR) or range. The comparison of results between treatment arms was conducted using the Mann-Whitney test. For assessing the differences within the same patients before and after treatment (paired samples), a Wilcoxon test was used. Proportions between groups were compared using the Chi-square test, while comparisons of proportions within the same patients before and after treatment (paired samples) were performed using the McNemar test. P values less than 0.05 were considered statistically significant. Outcome measurements were analyzed by intent-to-treat (ITT) analysis (all patients completing the run-in and treatment periods) and PP. For any safety concerns, all patients were in contact with expert monitors (AFC, MG, and JCB). If a safety issue was present, a self-reported form for safety concerns should have been completed.

RESULTS
Study population and compliance with AN-PEP administration
[bookmark: OLE_LINK1777][bookmark: OLE_LINK1778]Figure 2 displays the flowchart illustrating trial progression. Due to limitations imposed by the COVID-19 pandemic on the activity of the ambulatory clinic for CeD patients, the enrollment period for the trial was from October 2020 to July 2022. Out of the initial 66 screened patients, 20 were excluded because they did not meet the inclusion and exclusion criteria. Additionally, six out of the remaining 46 enrolled patients did not initiate sample collection during the run-in period due to concerns about adhering to the protocol, leading to their exclusion from the study. Ultimately, 40
patients completed the study for the ITT analysis. According to our pre-established guidelines, three patients were excluded from the final analysis because they returned more than 30% of the administered capsules. Table 1 presents the demographic information of the patients enrolled in the ITT analysis, while Table 2 provides the corresponding data for the PP analysis. No significant differences were observed between the AN-PEP and placebo-treated groups in terms of sex, age at enrollment, or duration of following a GFD. During and after the trial, no patients reported any abnormal symptom perception resulting from the use of AN-PEP or placebo.

Stool gluten immunogenic peptides
Throughout the trial, 628 (98.1%) samples were successfully collected. All analyses were conducted by investigators who were kept blind to the clinical status of the patients and the allocated treatment. A high proportion of samples from run-ins and treatment periods (65.6%) showed undetectable levels of gluten immunogenic peptides (GIP) (< 0.08 μg/g), indicating high adherence to the GFD. No significant differences in GIP levels were observed between the treatment arms in either the ITT or PP analyses. Three patients were excluded from the ITT analysis due to returning more than 30% of the capsules at the end of the trial, and none had a positive GIP. There were no differences in GIP between ITT and PP analyses. By using the information obtained in the PP, we observed that in the placebo arm, 52 out of 164 (31.7%) and 47 out of 165 (28.5%) stool samples collected tested positive for GIP during the run-in and placebo periods, respectively. Among these patients, 58.7% tested positive for GIP in both periods, 17.7% tested negative in both, 11.8% tested positive at the run-in and negative during the placebo, and 11.8% tested positive and negative, respectively. When comparing run-in and treatment periods in the placebo arm, 15% (3/20) of patients had GIP below 0.08 μg/g while 30% maintained high values at both time points and 25% (5/20) increased GIP during treatment with placebo. For the AN-PEP arm, 61 out of 151 (40.4%) samples tested positive for GIP during the run-in, while 54 out of 148 (36.5%) collected samples tested positive during the treatment period (data not shown). A more detailed analysis revealed that 17.7% (3/17) of patients exhibited no detectable stool GIP at both time points (run-in and AN-PEP administration), 29.4% (5/17) had reduced weekly GIP during AN-PEP and 17.7% (3/17) had unchanged GIP during both periods (data not shown). The average stool GIP per period for both arms is shown in Tables 1 and 2. During the run-in period, a noteworthy observation was that six patients (31.6%) in the AN-PEP arm exhibited an average stool GIP per period exceeding 0.08 μg/g. Among these cases, five patients had more than a 50% reduction or undetectable GIP. In contrast, among the four patients with high median concentrations (> 0.08 μg/g) at run-in in the placebo arm, only one patient experienced a decrease in GIP (data not shown). Overall, only 0.5% of all samples had average stool GIP concentrations greater than 0.32 μg/g, a threshold considered capable of causing mucosal damage. No patients were found to have a weekly average stool GIP concentration exceeding 0.64 μg/g.

Symptoms report using the CIS
The effects of AN-PEP on symptoms were analyzed based on the median CSI scores between the run-in periods and both treatments, as well as between the arms. Additionally, the proportion of cases with the highest CSI scores (> 38 points) was also examined. At randomization, no significant differences in median scores were observed between the placebo and AN-PEP arms, although patient scores in the AN-PEP arm were slightly higher than those in the placebo arm (Tables 1 and 2). Following treatment, there was a greater reduction in the median CSI score in the AN-PEP arm (12.5%) compared to the placebo arm (8.5%), although this difference was not statistically significant. The most notable finding was the decrease in the number of patients with the highest CSI scores (> 38 points) in the AN-PEP arm compared to those receiving placebo, which was statistically significant (P < 0.03) (Tables 1 and 2).

Outcome of celiac disease-related serology
We also examined the impact of treatment on the concentrations of IgA tTG and IgA DGP autoantibodies before and after the intervention. In the placebo group, seven patients tested positive for IgA tTG at enrollment, and this number decreased to five after treatment. In the AN-PEP group, eight patients tested positive at enrollment, and this slightly decreased to seven after treatment. Regarding IgA DGP antibodies, the positivity rate was lower, with two patients in both the placebo and AN-PEP arms having high concentrations at enrollment, which increased to three and two patients, respectively, after treatment. However, as expected because of the short duration of the study, there were no significant differences observed when comparing the median serum concentrations of both antibodies between baseline and final measurements within the same treatment arm or between the placebo and AN-PEP arms (Tables 1 and 2).

QoL and safety
[bookmark: _Hlk158582366]The study also examined the impact of treatments on the QoL of patients using the SF-36 questionnaire, considering eight dimensions. Data for the ITT are reported in Table 3. At baseline, there were no significant differences in scores between arms across all dimensions for the ITT and PP analyses. After the treatment period, the placebo arm showed a significant improvement in general health, pain, and emotional limitations both in the ITT and PP analyses (P < 0.05 for all dimensions). In contrast, compared to the baseline assessment, patients in the AN-PEP arm had higher scores for pain (P < 0.05), but a higher score for vitality (P < 0.005), as assessed by both ITT and PP analyses. Neither AN-PEP nor placebo elicited any reported adverse events or concerns from the patients, indicating that the treatment doses were well-tolerated. Additionally, all three cases that were excluded from the ITT analysis tested negative for GIP. In these cases, the omissions in adhering to the trial were attributed to the individuals’ intense working activity outside of their homes rather than any issues related to the treatment itself.

DISCUSSION
The primary objective of this exploratory study was to investigate the effects of AN-PEP, a proline-specific endoprotease, at a dose of 650 mg per meal, three times a day (during breakfast, lunch, and dinner) for 4 consecutive weeks, on involuntary gluten exposure in patients following a long-term GFD. A placebo arm was included for comparison. By replicating a real-life situation, the study expands on previous challenge studies to address the common issue of dietary contamination occurring in diagnosed patients on a long-term GFD[8,25-28]. In the AN-PEP arm, there was an observable reduction in the average stool GIP concentration during the treatment period compared with the 4-wk run-in phase. Patients in the placebo arm also exhibited a decrease in GIP. While the magnitude of reduction in GIP tended to be higher in patients receiving AN-PEP (47.6%) vs placebo (44.1%), this difference did not reach statistical significance. Interestingly, during the run-in period, approximately 35.3% of patients in the AN-PEP arm had GIP levels exceeding 0.08 μg/g. After undergoing protease treatment, five out of these six patients experienced a 50% reduction or more in GIP after AN-PEP, while only one out of four patients in the placebo group experienced such a reduction.
Neither AN-PEP nor placebo elicited any reported adverse events or concerns from the patients, indicating that the treatment doses were well-tolerated. Additionally, all three cases that were excluded from the ITT analysis tested negative for GIP. In these cases, the omissions in adhering to the trial were attributed to the individuals’ intense working schedules rather than issues related to the treatment itself. Although CSI scores did not show a significant reduction between active treatment and placebo, the proportion of patients with the highest CSI score, which is considered indicative of the most symptomatic clinical course, was significantly reduced by AN-PEP. No changes were detected in specific CeD serology between treatment arms. Compared with the run-in period, patients in the placebo arm reported improved QoL scores in the areas of general health, while those in the AN-PEP arm had better scores for vitality and severe abdominal pain. These differences could be attributed to inherent limitations associated with questionnaires, such as subjectivity, and other external factors influencing QoL. Before this study, AN-PEP had demonstrated promising potential for degrading gluten in various in vitro and ex vivo laboratory models, as well as in gluten challenge trials.
However, testing AN-PEP in patients on long-term GFD who could be exposed to real-life dietary contamination has never been investigated[17-20]. While important in the daily management of CeD, a “real-life” design is not devoid of limitations, as real-life variability and trial effects cannot be controlled[8,29,30]. Indeed, this could explain our finding of an overall lower GIP when compared with the run-in period. Thus, and in contrast to findings from our previous studies[8], the level of GIP never reached one that could be associated with mucosal damage[27]. This discrepancy could be attributed to trial timing, which primarily took place during the COVID-19 pandemic when our country was characterized by high viral infection rates and prolonged isolation and lockdown. Consequently, the enforced stay-at-home measures during this time may have contributed to improved adherence to the GFD, as has been suggested by a recent study[31].
The relationship between the dose of AN-PEP, its enzymatic activity, the ratio of the protease administered per the total gluten intake, and the kinetics of substrate cleavage is a crucial aspect to consider. Previous studies have emphasized the importance of the dose-substrate relationship, contact time, and pH conditions in achieving optimal cleavage of gluten by peptidases[32]. König et al[16] conducted a study demonstrating the effective cleavage of gliadin peptides by AN-PEP shortly after its co-administration with gluten in a challenging study, even under varying caloric densities and acidic conditions. In our study, we opted for an AN-PEP dose that was twice the highest concentration previously demonstrated to effectively cleave gliadin in healthy individuals subjected to gluten challenges[21]. In essence, our assessment indicates that the observed gluten intake levels suggest a predominant trend of relatively low gluten exposure among the trial participants. However, it is important to underline that these individuals were concurrently receiving substantial doses of AN-PEP treatment. The study also investigated the impact of enzyme treatment on symptom intensity, as assessed by CSI score. Various factors have been associated with persistent symptoms in patients following a GFD, including involuntary and voluntary gluten exposure, irritable bowel syndrome, bacterial overgrowth syndrome, and a high intake of FODMAPs[1-5]. The most relevant and clinically interesting finding in the study was the significant reduction in the number of patients with the highest CSI scores (> 38 points) in the AN-PEP arm. This reduction could have been caused by a decrease in gluten exposure or through the action of the protease, and this cannot be identified with our design. While in a small number of patients, the observation that those with higher GIP experienced a > 50% reduction or non-detectable GIP after AN-PEP treatment supports the hypothesis of improved gluten degradation, as we did not observe a similar reduction in the placebo arm. Whether minor amounts of gluten exposure can contribute to symptom persistence is unclear, but hypersensitive patients have been reported[1]. Further research is needed to better understand the mechanisms underlying symptom persistence and the potential effects of AN-PEP treatment in larger trials with longer follow-up periods. Finally, while some parameters of QoL improved during AN-PEP vs placebo, we did not detect changes in CeD-specific serological tests.
One advantage of the present study was the attempt to mimic real-life conditions typically encountered by patients on lifelong GFD who are exposed to unpredictable gluten contamination. As previously discussed, this design is also susceptible to limitations; thus, while real-life studies are necessary for better long-term management of CeD, results need to be interpreted with caution as they lack the same level of control as gluten challenge studies[29,30]. Together, both designs can provide complementary and powerful clinical and pathophysiological insights. However, we believe that the duration of treatment (4 wk) might not suffice to detect significant modifications in outcome parameters, particularly in specific-serology testing.

CONCLUSION
In summary, AN-PEP treatment did not significantly reduce the overall GIP stool concentration. However, our results support the idea that AN-PEP has a positive impact on symptom intensity and on some aspects of QoL during a long-term GFD. More research is needed to unravel the underlying mechanisms this, as well as in larger populations with longer follow-ups to confirm these findings. These studies will help us better implement adjunct therapies for the GFD in CeD.

ARTICLE HIGHLIGHTS
Research background
The impact of Aspergillus niger proline-specific endoprotease (AN-PEP) on gluten exposure resulting from inadvertent dietary lapses in celiac disease (CeD) patients adhering to a gluten-free diet (GFD) in real-life scenarios remains unknown.

Research motivation
Early-stage research has hinted at AN-PEP’s potential therapeutic role in breaking down gluten before it reaches the intestinal mucosa, potentially serving as an adjunct for managing gluten exposure. Despite AN-PEP’s approval as a dietary supplement, there is a lack of appropriate clinical studies to confirm its efficacy in detoxifying gluten immunogenic peptides (GIP).

Research objectives
To examine the effects of orally administered AN-PEP on inadvertent gluten exposure and symptom prevention in adult CeD patients following their usual GFD in a real-life scenario.

Research methods
This exploratory trial employed a double-blind, randomized, placebo-controlled design involving CeD participants on a long-term GFD. After a 4-wk run-in phase, individuals were randomly assigned to receive either two AN-PEP capsules per meal for 4 wk or a placebo. The study main outcome endpoints were to compare the average weekly stool GIP and the celiac symptom index between run-in and treatment phases and between AN-PEP and placebo arms.

Research results
In this exploratory study, participants showed strong adherence to the GFD. While AN-PEP treatment did not decrease overall stool GIP concentration, the group receiving AN-PEP exhibited a significantly lower prevalence of severe symptoms compared to the placebo group.

Research conclusions
Despite the lack of reduction in stool GIP due to AN-PEP administration in this real-life setting, the significant decrease in the number of symptomatic patients suggests the need for further investigation and more extensive studies.

Research perspectives
Subsequent studies could delve into whether AN-PEP administration showcases a protective effect against gluten exposure using different research models. Additionally, these studies could aim to elucidate the reasons behind the observed reduction in symptomatic patients to better understand the potential mechanisms at play.
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Figure Legends
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Figure 1 Study design. AN-PEP: Aspergillus niger prolyl endopeptidase protease; CSI: Celiac symptom index; GIP: Gluten immunogenic peptides; SF-36: Short Form-36 health survey questionnaire.
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Figure 2 Flowchart of enrolled patients. AN-PEP: Aspergillus niger prolyl endopeptidase protease.	Comment by Sumigray, Kaelyn: At top horizontal arrow, change “did not fulfilled” to “did not fulfill”.  

Table 1 Patient data collected in the study in the intention-to-treat analysis
	Item
	Overall population
	Placebo treatment
	AN-PEP treatment

	Number of patients
	40
	21
	19

	Age in yr, median (range)
	40.5 (29-47)
	42.0 (32-48)
	39.0 (28-46)

	Females, n (%)
	33.0 (82.5)
	18.0 (85.7)
	15.0 (78.9)

	CeD serology in U/mL, median (IQR)

	IgA DGP at baseline
	3.0 (1.3-5.0)
	2.0 (1.0-5.0)
	4.0 (2.0-5.0)

	End of study
	3 (2-6)
	3 (2-5)
	3 (2-6)

	IgA tTG at baseline
	17 (7-44)
	10 (5-30)
	17 (8-49)

	End of study
	12 (6-50)
	11 (6-15)
	17 (8-70)

	SCI global score at randomization median score (IQR)
	36 (32-44)
	35 (30-44)
	40 (33-44)

	End of the study median score (IQR)
	34 (28-40)
	32 (29-39)
	35 (28-41)

	SCI scores > 38 at randomization, n (%)
	19 (47.5)
	8 (38.1)
	11 (57.9)

	End of the study, n (%)
	12 (30.0)
	6 (28.6)
	6 (31.6)a

	Stool GIP. Median and CI (IQR) of the average concentration for period (µg/g)

	Run-in period
	0.37 (0-0.83)d
	0.34 (0-0.68)b
	0.42 (0-0.93)c

	Treatment period
	0.21 (0-0.79)d
	0.19 (0.11-0.79)b
	0.22 (0-0.89)c


aComparison with run-in (McNemar test): P < 0.03; bComparison with run-in values P (Wilcoxon): P = 0.79; cComparison with run-in values P (Wilcoxon): P = 0.19; dComparison with run-in values P (Wilcoxon): P = 0.29. CeD: Celiac disease; CI: Confidence interval; CSI: Celiac symptom index; DGP: Deamidated gliadin peptide antibodies; GIP: Gliadin immunogenic peptides; IQR: Interquartile range; tTG: Tissue transgluteminase antibodies.

Table 2 Per-protocol data and analysis
	Item
	Overall population
	Placebo treatment
	AN-PEP treatment

	Number of patients
	37
	20
	17

	Age in yr, median (range)
	40 (29-46)
	41 (31-48)
	39 (28-45)

	Females, n (%)
	31 (83.8)
	17 (85.0)
	14 (82.3)

	CeD serology in AU/mL, median (IQR)

	IgA DGP at baseline
	3 (1-5)
	2 (1-5)
	3 (1-5)

	At end of study
	3 (2-6)
	3 (2-5)
	3 (2-6)

	IgA tTG at baseline
	17 (7-43)
	13 (6-36)
	17 (11-48)

	End of study
	12 (6-48)
	11 (5-20)
	17 (7-62)

	SCI global score at randomization median score (IQR)
	36.0 (31.0-44.0)
	35.0 (30.0-45.5)
	40.0 (33.0-44.0)

	End of the study median score (IQR)
	33.0 (28.0-39.0)
	32.0 (28.5-37.5)
	35.0 (28.0-41.0)

	SCI scores > 38 at randomization, n (%)
	17 (45.9)
	7 (35.0)
	10 (58.8)

	End of study, n (%)
	10 (27.0)
	5 (25.0)
	5 (29.4)a

	Stool GIP median and CI (IQR) of the average concentration for period, µg/g

	Run-in period
	0.40 (0-0.86)
	0.37 (0-0.73)
	0.55 (0-0.93)

	Treatment period
	0.30 (0.10-0.80)b
	0.25 (0.11-0.79)c
	0.32 (0-0.89)d


aComparison with run-in (McNemar test): P < 0.03; bComparison with run-in values P (Wilcoxon): P = 0.43; cComparison with run-in values P (Wilcoxon): P = 0.79; dComparison with run-in values P (Wilcoxon): P = 0.33. CeD: Celiac disease; CSI: Celiac symptom index; DGP: Deamidated gliadin peptide antibodies; GIP: Gliadin immunogenic peptides; IQR: Interquartile range; tTG: Tissue transgluteminase antibodies.

Table 3 Quality of life data from the Short Form-36 questionnaire on the intention-to-treat analysis
	Item
	Placebo arm
	AN-PEP arm

	
	At baseline
	Final
	At baseline
	Final

	Number of patients
	21
	
	19
	

	General health
	
	
	
	

	Median score (IQR)
	65 (50-72)
	 70 (50-80)b
	50 (35-75)
	50 (40-80)

	Pain
	
	
	
	

	Median score (IQR)
	80 (42-90)
	90 (50-80)b
	80 (45-90)
	67.5 (47.5-90.0)a

	Vitality
	
	
	
	

	Median score (IQR)
	60 (45-65)
	60 (50-70)
	40 (30-60)
	55 (40-65)c

	Mental health
	
	
	
	

	Median score (IQR)
	68 (52-72)
	68 (56-80)
	68 (40-72)
	64 (48-80)

	Physical function
	
	
	
	

	Median score (IQR)
	95 (75-100)
	95 (75-100)
	95 (85-100)
	100 (90-100)

	Social function
	
	
	
	

	Median score (IQR) 
	75 (50-100)
	100 (62.5-100.0)
	50 (37-100)
	75 (50-100)

	Physical limitations
	
	
	
	

	Median score (IQR)
	100 (50-100)
	100 (75-100)
	 100 (25-100)
	75 (25-100)

	Emotional limitations
	
	
	
	

	Median score (IQR)
	50 (0-100)
	100 (66-100)b
	66.7 (0-100)
	66.7 (0-100)


avs placebo: P < 0.05; bRun-in vs treatment: P < 0.05; cRun-in vs treatment: P < 0.005. AN-PEP: Aspergillus niger prolyl endopeptidase protease; IQR: Interquartile range.
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