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Editorial on the Research Topic
 Gluten-related disorders: pathogenesis, diagnosis, and treatment




Celiac disease (CD) is a systemic autoimmune disorder triggered by gluten peptides, which provoke a T-cell-mediated immune response, leading to villous atrophy and chronic inflammation in the small intestine (1, 2). It affects ~1.4% of the global population (3), with a highly variable clinical presentation that ranges from classic gastrointestinal symptoms to extraintestinal manifestations or even asymptomatic cases. The only effective treatment is lifelong adherence to a gluten-free diet (GFD) (4). Recent studies suggest that the loss of gluten tolerance may occur either upon initial gluten exposure or later in life, implying that additional environmental factors contribute to CD development. Challenges in diagnosis and poor adherence to the GFD can significantly impact health and quality of life, highlighting the need for early and accurate diagnosis to improve long-term disease management (5).

This Research Topic brings together nine comprehensive articles exploring the pathogenesis, diagnosis, and management of gluten-related disorders, aiming to deepen our understanding of these crucial aspects.

CD diagnosis relies on clinical presentation, serological markers, and histopathological findings from duodenal biopsies. However, discrepancies between serological and histological results, along with biopsy inaccessibility, often lead to inconclusive outcomes. Since most CD patients carry the HLA-DQ2 and/or DQ8 alleles, which trigger an autoimmune response, HLA testing serves as a valuable complementary tool, particularly in atypical or controversial cases where histological findings are inconclusive (Ruera et al.). Atypical CD presentations may include constitutional symptoms, dermatological and mucosal issues, bone abnormalities, neuropsychiatric symptoms, renal and reproductive complications, disturbances in biological markers, and associations with other autoimmune conditions. Recognizing this diverse clinical spectrum is crucial for optimal patient management, especially in ensuring proper growth and development in children (Lupu et al.). Given the heterogeneous presentation of CD, a multifaceted diagnostic approach is essential. Early and accurate diagnosis improves treatment effectiveness and quality of life, particularly for patients at risk of poor adherence due to unclear or delayed diagnoses.

Emerging research has identified gluten immunogenic peptides (GIP) in human breast milk, with significant interindividual variations in secretion. This discovery is particularly relevant, as early gluten exposure through breast milk may influence the immune system's development in genetically predisposed infants, potentially affecting CD risk. Understanding this mechanism is crucial for identifying early-life environmental factors that contribute to CD onset, providing insights for more effective prevention strategies (Ruiz-Carnicer et al.).

Additionally, GIP detection in urine offers a non-invasive method for assessing gluten exposure and gastrointestinal function following dietary challenges or fasting. This approach is particularly useful for identifying subclinical CD cases and monitoring treatment effectiveness. By tracking GIP levels in urine, it becomes possible to detect gluten ingestion in patients who may not exhibit obvious symptoms, enabling earlier diagnosis and better management. These findings, together with GIP detection in breast milk, emphasize the role of early gluten exposure in CD development and its potential for precise disease monitoring (Rodríguez-Ramírez et al.).

Regarding CD treatment, a strict lifelong GFD remains the cornerstone; however, adherence is often challenging due to high costs, dietary restrictions and social implications. Recent phase 2 clinical trials exploring non-dietary pharmacological therapies for CD underscore the need for more extensive research, as no proposed treatments have yet shown significant efficacy in preventing gluten-induced histological damage (Scalvini et al.). Hence, larger and more rigorous clinical trials are necessary to assess their long-term safety and effectiveness. A promising therapeutic approach involves exopeptidases, enzymes that break down gluten-derived peptides in the gastrointestinal tract, potentially reducing the immune response and alleviating CD symptoms. Although still under investigation, this strategy holds potential for improving current treatment options and enhancing quality of life for CD patients (Mourabit et al.).

The development of gluten-free food products, such as cookies, is being evaluated for their physicochemical and sensory properties ensuring that CD patients have access to safe, nutritious and palatable food options (Silva-Paz et al.). The availability of high-quality gluten-free foods plays a crucial role in promoting dietary adherence and improving patient's overall experience with GFD.

Beyond dietary restrictions, the psychosocial burden of CD is becoming increasingly apparent. The need to evaluate health-related quality of life (HRQoL) in CD patients is critical, as dietary limitations often contribute to social isolation, anxiety and psychological distress. These challenges are further exacerbated by diagnostic difficulties and the constant need to avoid gluten exposure.

Recent research comparing general and disease-specific HRQoL questionnaires have provided deeper insights into the psychosocial impact of CD (Falcomer et al.). A study conducted in Portugal highlighted the necessity of a comprehensive care model integrating both medical and psychosocial support. Such a holistic approach is essential for enhancing patient outcomes and ensuring that individuals with CD can maintain a fulfilling quality of life despite the challenges of their condition (Chaves et al.).

In conclusion, significant progress has been made in understanding the pathogenesis, diagnosis, and treatment of gluten-related disorders. While the GFD remains the primary treatment, emerging pharmacological therapies, such as exopeptidase-based approaches, offer potential alternatives for individuals struggling with gluten avoidance. Additionally, increasing awareness of the psychosocial impact of CD underscores the importance of a multidisciplinary care approach that addresses both physical and emotional wellbeing. Looking ahead, effective management of gluten-related disorders will require precise diagnostic tools, innovative therapies and a patient-centered, integrative approach to optimize clinical care and enhance quality of life.
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The increasing prevalence of celiac disease and gluten intolerance has led to an increased demand for gluten-free food products in Peru. The research objective was to develop gluten-free cookies from substitute flours, evaluating their physicochemical and sensory parameters. Eight formulations were developed using 100% broad bean, chickpea, pea, kiwicha, quinoa, lentil, corn, and bean flour. One hundred consumers participated in this evaluation (59% women and 41% men). A completely randomized design (CRD) and a randomized complete block design (RCBD) were used for physicochemical analysis and acceptability, respectively. To describe the sensory characteristics of the cookies, Cochran’s Q-test and correspondence analysis (CA) were performed. From the results obtained, the lentil cookie presented the highest amount of protein and fiber but lower fat and carbohydrate contents compared to the other samples. In terms of color, the corn cookie was the lightest, with greater luminosity (L*), less redness (a*), and greater yellowness (b*). Regarding the sensory analysis, the CATA questions allowed us to form six groups, and the samples with the greatest acceptability were the corn and chickpea cookies, which were rated as “I like them.” Lentil flour crackers are a nutritionally adequate option, and corn flour crackers are highly sensorially acceptable, suggesting commercial opportunities for softer and more flavorful gluten-free products. However, it is crucial to continue researching and developing innovative products to meet changing market demands and offer healthier and more attractive options to consumers.

KEYWORDS
 substitute flours, gluten free, consumers, sensory evaluation, cookies


1 Introduction

Several disorders associated with gluten ingestion are now recognized, including celiac disease (CD), intolerance, and gluten allergy (1, 2). In particular, celiac disease is an autoimmune disorder that is triggered in individuals susceptible to the ingestion of gluten from wheat, barley, rye, and others (3). Various studies have identified that approximately 3% of the world population suffers from celiac disease, and until two decades ago it was considered rare, but it has now become widespread worldwide (4). Gluten causes inflammation of the small intestine, atrophy of the villi of the mucosa, and poor absorption of nutrients, and the only treatment for this disease is to have a gluten-free diet for life (5). For this reason, there was a need to develop gluten-free products to meet the demand of celiac consumers who are intolerant or allergic to gluten (6, 7). Food companies that manufacture and supply gluten-free foods and beverages must work with various tools for the development and innovation of foods and decision-making that allow understanding of the success of the product in the market (8).

In recent years, a notable increase in the demand for gluten-free products has been observed, driven by the medical needs of some people suffering from celiac disease and by the conscious choice of consumers who opt for a healthy diet (1, 9). Among these gluten-free products that can be made are cookies, which can be consumed at any time of the day due to their practicality, long shelf life, availability in a presentable format, and having an affordable cost for the consumer (10). The shelf life of the biscuit is prolonged due to its low moisture content, which hinders microbial growth, allowing the product to retain its optimal characteristics for longer, provided it is properly stored (11). The inclusion of flours derived from legumes and pseudocereals in the preparation of cakes, breads, pastas, and cookies represents a technological option that allows us to offer products of nutritional quality, favoring acceptability by the consumer (7, 12, 13). Kaur et al. (6) indicated that the quality of cookies prepared with buckwheat flour and incorporating xanthan gum showed similar sensory profiles to those made with refined wheat flour. On the other hand, Silva et al. (11) mentioned that cookies made with rice and bean flour were rated as innovative products, achieving good acceptability and being recommended for celiac consumers. Similarly, Hamdani et al. (14) reported that cookies prepared with rice and chickpea flour and added gum karaya showed great acceptability by consumers and had a favorable impact on their characterization.

Legumes and pseudocereals have emerged as promising alternative ingredients in the formulation of gluten-free products due to their nutritional profiles, technological functionalities, and unique sensory properties. These ingredients not only offer a rich source of protein, fiber, and other essential nutrients but also present specific characteristics that improve the texture, flavor, and appearance of the final products (15–17). From a technological point of view, they have specific properties, such as the ability to form viscous gels, structural stability, the absence of gluten, a lack of elasticity, and gas retention, which are crucial aspects of achieving a pleasant texture in baked products. When considering consumer acceptance, it is essential to not only address dietary restrictions but also offer alternatives that do not compromise sensory pleasure and the dining experience (18, 19). The benefits of legumes and pseudocereals with the growth of the celiac population have motivated us to propose their exploration as a substitute option for conventional flours in the production of gluten-free products.

A tool that allows understanding of the development and consumption in the market of a product is sensory evaluation, a discipline that encompasses a series of tests and methods to evaluate the perception of food and beverages by the consumer (20, 21). The general acceptability of a product can be evaluated through a hedonic scale that consists of a list of responses with different degrees of satisfaction, where the consumer indicates the response based on their sensory perception (22). There are other methods that allow the description and understanding of the level of enjoyment of the product, such as the check all that applies (CATA) method, where consumers select the attributes that identify the samples evaluated and indicate their acceptability (23). Therefore, the objective of this research was to develop gluten-free cookies from substitute flours and evaluate their physicochemical and sensory parameters.



2 Materials and methods


2.1 Ingredients

Different substitute flours of lentils, peas, common beans, white corn, chickpeas, broad beans, kiwicha, and white quinoa, obtained in the central market of Lima, were used, in addition to other ingredients such as butter, brown sugar, sodium bicarbonate, egg, and water, where the percentages used for the different formulations are shown.

The formulation of the cookies consisted of G1 (broad bean, 53.80, 8.00, 16.10, 0.50, 10.80, and 10.80% of flour, butter, brown sugar, baking soda sodium, egg, and water, respectively), G2 (chickpea, 56.80, 8.50, 17.0, 0.60, 11.40, and 5.70%), G3 (pea, 56.80, 8.50, 17.00, 0.60, 11.40, and 5.70%), G4 (kiwicha, 55.20, 8.30, 16.60, 0.60, 11.00, and 8.30%), G5 (quinoa, 55.20, 8.30, 16.60, 0.60, 11.00, and 8.30%), G6 (lentil, 55.20, 8.30, 16.60, 0.60, 11.00, and 8.30%), G7 (corn, 53.80, 8.00, 16.10, 0.50, 10.80, and 10.80), and G8 (common bean, 56.80, 8.50, 17.00, 0.60, 11.40, and 5.70%,). All formulations were designed according to the proposal by the American Association for Clinical Chemistry (AACC) (24).



2.2 Gluten-free cookie-making process

To prepare the cookies, we followed the procedure outlined by Huatuco et al. (25), with some adjustments. Initially, we measured all the ingredients based on the formulations detailed in Section 2.1. For the creaming process, we combined butter and brown sugar in a KitchenAid mixer (Model: Artisan, United States) at 6 rpm for 5 min until a uniform mixture was achieved. Eggs were then added and beaten at 4 rpm for 5 min to form a smooth, creamy emulsion. Subsequently, the substitute flour was manually mixed with sodium bicarbonate in a stainless-steel container. The cream mixture was then added to this new blend and mixed for an additional 5 min. Gradually, water was incorporated until a homogeneous dough was attained. The dough was rolled to a thickness of 5 mm and molded to a diameter of 40 mm. The resulting products were baked in a rotary oven (Brand: Nova, Model: Max 600, Peru) at 140°C for 10 min, followed by cooling at room temperature for 20 min. They were then packaged in polyethylene bags and hermetically sealed. Finally, the cookies were stored at room temperature for subsequent physical, chemical, and sensory analyses.



2.3 Physicochemical analysis


2.3.1 Nutritional composition analysis

Moisture and ash contents were determined according to the AOAC analysis method (26), while crude fat, crude protein, and crude fiber were determined by the AACC analysis method (27), and the amount of carbohydrates was calculated by difference (28).



2.3.2 Color analysis

The color was determined using a portable colorimeter (3nh brand, model Nh310, China). The cookies were placed in direct contact to measure the color of the surface. This analysis was performed in triplicate using the CIEL*a*b* system. The parameters to be measured were L* (brightness) [(0) black / (100) white], a* [(+) red / (−) green], and b* [(+) yellow / (−) blue] (11, 22). In addition, the whiteness index (WI) was determined, WI=[image: image] (29) and the browning index (BI) (30), BI = (100*((x-0.31)/0.17), where x is equal, x = (a + 1.75 L*)/(5.645 L* + a* - 3.012b*) using the parameters L*, a*, and b*. The color parameters of the control sample to quantify the ΔE were L* = 76.26 ± 0.24, a* = 4.42 ± 0.19, and b* = 40.45 ± 0.28. To determine the ΔE = [image: image], where Lo *, a*, and b* correspond to the values of the control sample and L*, a*, and b* are the data of each sample.




2.4 Sensory analysis


2.4.1 Consumers

The evaluators were recruited from the Faculty of Engineering and Architecture of the Universidad Peruana Unión, with a total of 100 consumers, of whom 59% were women and 41% were men (aged 24 ± 6 years). Their participation was voluntary, and the study was carried out with informed consent approved by the Ethics Committee of the Faculty of Engineering and Architecture of the Universidad Peruana Unión (N° 2022-CEFIA-0006).



2.4.2 Check all that apply (CATA)

All participants received eight cookies randomly, coded with three digits, and delivered monadically. Previously, consumers gave informed consent to participate in the sensory tests and were provided with general instructions on the CATA methodology. Then, the evaluation sheet was provided with 13 sensory attributes, of which 7 described the texture (sticky, soft, crunchy, brittle, hard, greasy, and porous), 3 described the taste (bitter, sweet, and strange taste), 2 described the appearance (light color and dark color), and 1 described the aroma (strange smell). These terms were selected from previous studies (31–33). For the sensory test, participants were asked to select the terms they considered appropriate to describe the samples (34, 35). The samples were evaluated in a single session of approximately 30 min in the laboratory of the Food Science Research Center (CICAL) of the Universidad Peruana Unión. Participants were instructed to drink table water between each sample to cleanse the palate.



2.4.3 Overall liking

For the liking test, a 9-point hedonic scale was used, with the highest score being I like it very much (9 points) and the lowest being I dislike it a lot (1 point). Consumers were instructed to rate the samples according to their perception, as well as to drink table water between each sample to minimize the carryover effect and influence the evaluation from the first to the last sample (11, 36). Figure 1 describes the stages of the research process, from the use of flour to the preparation of cookies to the physicochemical and sensory tests carried out.

[image: Figure 1]

FIGURE 1
 Map resulting from perception correspondence analysis (CA) using the CATA method (A) and cookie acceptability using a 9-point hedonic scale (B). (Cookie, G1: broad bean, G2: chickpea, G3: pea, G4: kiwicha, G5: quinoa, G6: lentil, G7: corn, and G8: common bean).





2.5 Statistical analysis

For the data of the physicochemical analysis, a completely randomized design (CRD) was applied (25, 37), and for the general acceptability, a completely randomized block design (RCBD) (38, 39) was carried out to meet the assumptions of normality and homogeneity of variance. When evaluating the analysis of variance (ANOVA) and identifying if there were significant differences, and in the case of finding significance (p < 0.05), the Tukey test was carried out at a confidence level of 95% (11, 40) using the statistical software R.

Correspondence analysis (CA) was applied to the data obtained by the check all that apply (CATA) method to obtain the association map between the samples and the sensory attributes (41, 42). In addition to Cochran’s Q-test to identify significant differences (p < 0.05) between the samples and the constancy of use of each attribute (43, 44), the statistical program XLSTAT 2023 was used for these analyses.




3 Results


3.1 Physico-chemical analysis


3.1.1 Nutritional composition analysis

The proximal composition of the cookies is shown in Table 1, expressed in percentages (%). G7 and G5 presented a higher moisture value and did not show significant differences (p > 0.05) between both samples. Similarly, it was observed that G4 acquired a smaller amount of ashes compared to G8, which was statistically superior (p < 0.05). Regarding the fat content, G2 registered a higher content than the rest of the cookies. According to the amount of fiber, the highest values were G3, G6, and G8; these samples did not show significant differences (p > 0.05). A reduced content of protein was presented by G7; on the contrary, G6 obtained the highest amount, showing significant differences (p < 0.05). On the other hand, G7 presented a higher carbohydrate content, although similar to G1, G3, G4, and G5 (p > 0.05).



TABLE 1 Proximate composition of biscuits on dry base (g/100 g).
[image: Table1]



3.1.2 Color analysis

Table 2 shows the color parameters expressed in dimensionless units; this is an important property for the acceptance of cookies by consumers. Sample G7 was the sample with the highest luminosity, while G6 obtained the lowest value of coloration (dark). The samples presented significant differences (p < 0.05). In the a* parameter, the samples were between the values of 15.4 ± 0.32 and 30.4 ± 0.05, showing little redness. While in the b* parameter, the values ranged between 45 and 56, indicating greater yellowing. The whiteness index of sample G7 is significantly different from the other samples, and G8 showed lower whiteness. For the browning index, an inverse behavior was observed for these samples. Samples G7 and G2 showed lower values of delta E; that is, they did not show large differences with the control sample.



TABLE 2 Color parameters using the CIE Lab system for cookies.
[image: Table2]




3.2 Sensory analysis


3.2.1 Consumers

In this study, 100 consumers participated, of whom 59% were women and 41% were men (aged 24 ± 6 years). Of all the women, 54% were from the coast, 27% were from the mountains, and 19% were from the jungle. In addition, 63% preferred the chocolate flavor, 13% preferred vanilla, 14% preferred Andean grains, and 10% preferred salty; additionally, it was found that 67% eat cookies frequently, 19% sometimes, and 14% eat very few cookies. Of the participants, 79% were from the “Coast” region, 15% from the “Sierra,” and 6% from the “Selva.” Similarly, it was observed that 62% prefer the chocolate flavor, 20% prefer vanilla, 9% prefer Andean grains, and 9% prefer salty. On the other hand, it was found that 65% eat cookies frequently, 23% sometimes, and 12% eat very few cookies.



3.2.2 Check all that apply (CATA) method and overall acceptability

Cochran’s Q-test shown in Table 3 shows that consumers found significant differences (p < 0.05) in 11 of the 13 attributes evaluated in the CATA questions, so the use of the CATA method allows the description of similar and different characteristics of the cookies. Samples G4, G5, and G7 were similar to each other in the attributes of “dark color” and “strange smell,” as well as G1, G3, G6, and G8, with G3 and G6 being considered more frequently as having a dark and strange smell. Regarding the attributes “porous” and “strange taste,” samples G1, G2, G4, G5, G6, G7, and G8 showed similarity, presenting less porosity and a strange flavor, unlike G3. Regarding the “bitter” attribute, samples G1 and G8 were similar to each other, although they were described as bitter, unlike G2, G3, G4, G5, and G7. Samples G1, G3, G6, and G8 were similar to each other in the “light color” attribute, as were G2, G5, and G7, with G5 being the sample characterized as light. Regarding the attributes “soft,” “crumbly,” and “sweet,” samples G1, G2, G3, G4, G6, and G8 were similar to each other, differing from G7, which was described as soft, crumbly, and sweet. For the “hard” attribute, samples G1, G4, G6, and G8 showed similarity, as did G2, G3, and G5, with G1 being the sample most frequently mentioned as hard, unlike the others.



TABLE 3 Cochran’s Q-test of the attributes evaluated by consumers.
[image: Table3]

Figure 1A shows eight cookie samples and the sensory attributes used to describe them in the first two dimensions. Where six defined subgroups are observed, the first group formed by G1 was characterized as hard. The second group, which is G3 and G6, had the characteristics of dark color and a strange smell, while G8, which represents the third group, was described as bitter and crunchy. The fourth group, made up of G2 and G4, was determined as crispy and adhesive. The fifth group, which is G5, was characterized by a light color. Finally, the sixth group formed by G7 was rated as soft. In Figure 1B, we can find that G7 and G2 reached the highest scores by not registering significant differences (p > 0.05) between both samples, being moderately evaluated as I like. However, G8 was the least accepted and evaluated as “Dislike moderately.” This could be because it was characterized as bitter.





4 Discussion


4.1 Physicochemical analysis


4.1.1 Nutritional composition analysis

According to the results obtained from the proximal analysis in Table 1, G6 was lower than that reported by Gómez et al. (45) in biscuits partially substituted with legume flours. This could be because the lentil flour was previously induced to reach a moisture content of 10%. Soler et al. (46) found a humidity of 1.11 ± 0.05 in biscuits based on 100% bean flour, although this result is lower than that found in G8 of the present study. This difference could be due to the variety of the ingredients.

On the other hand, the highest ash content was obtained by G8, as well as the biscuit made with bean flour in the study carried out by Gómez et al. (45) in biscuits partially substituted with legume flour and as reported by Soler et al. (46) in the cookie with the 100% bean formulation. Millar et al. (47) mentioned that the high content of ashes in legume flours increases the intake of minerals in the diet. In another order of ideas, G2 presented the highest fat value compared to the rest of the cookies, as indicated by Gómez et al. (45) in the biscuit made with chickpea flour in the partial substitution of legume flour. Similarly, Foschia et al. (12) mentioned that chickpea flour has the highest lipid content compared to other legumes. Silva et al. (11) reported fat values ranging from 9.83 ± 0.98 to 11.61 ± 1.10 in crackers made with rice and beans, with the result obtained in G8 being within these values. In terms of fiber, G5 obtained a value of 3.45 ± 0.06, whereas Huatuco et al. (25) found values ranging from 6.3 to 11.3 in cookies made with wheat flour, granadilla, and quinoa; these results were superior to this research. On the other hand, G8 was similar to what was found by Soler et al. (46) in formulation F100 (3.38 ± 0.04) of the cookie made with 100% bean flour. A high fiber content is essential for celiac consumers since gluten-free products generally have a low fiber content, and their intake can induce obesity and other health risks (11). The protein content in G6 was similar to that reported by Gómez et al. (45) in biscuits partially substituted with legume flour, reporting a value of 14.3 ± 0.4% for biscuits made with lentil flour. Regarding the proteins in G8, it was higher than that reported by Silva et al. (11) in crackers made with rice and beans that obtained values from 7.99 ± 0.23 to 10.10 ± 0.48%; this may be due to the fact that some ingredients had a cooking process before. On the other hand, the amount of protein in G7 was lower than the rest of the cookies; this is due to the fact that corn flour has a low protein content (9). The carbohydrate content of G8 differed from that reported by Soler et al. (46) in the cookie made with 100% bean flour, which could be attributed to the type of grain and the method used to obtain the flour. The cookies made by Gómez et al. (45), the one substituted with chickpea flour, obtained a carbohydrate content of 59.5%, which was lower than that reported in G2. Foschia et al. (12) mentioned that, in general, the total content of carbohydrates in legumes constitutes between 45 and 66% of the dry weight.



4.1.2 Color analysis

The results of the chromatic parameters are shown in Table 2. L* (80.0 ± 0.34) in G7 was similar to that found by Gutiérrez et al. (48) in corn crackers, and different types of starch in treatment 1 were L* (84.48 ± 1), but the values of a* and b* differed. On the other hand, G8 presented a lower L* (44.0 ± 0.35) but a higher a* (15.4 ± 0.32) and b* (45.1 ± 0.10) compared to L* (91.13 ± 1.35), a* (−0.28 ± 0.02), and b* (6.16 ± 0.15) in crackers made from rice and beans, as reported by Silva et al. (11). This difference may be due to the fact that polished rice contains mostly starch. In another study by Hamdani et al. (14), there were higher values in L* (55 ± 1 to 56 ± 3) and lower values in a* (2 ± 0.3 to 4 ± 1) and b* (32 ± 0.2 to 35 ± 1) in cookies made with rice, chickpea, and gum flour compared to G2, which was found to be 55.2 ± 0.12 in L*, 17.8 ± 0.33 in a*, and 47.9 ± 0.36 in b*. This could be due to the speed at which the Maillard reaction occurs since it varies according to the type of sugar.




4.2 Sensory analysis


4.2.1 Check all that apply (CATA) method

In Table 3, consumers differentiated 11 of the 13 sensory attributes, similar to the research carried out by Rocha et al. (49) in sweet cookies, where they identified significant differences in 15 of the 21 sensory descriptors. They suggest that this method allows samples to be distinguished according to the perception of the evaluators.

The graphic representation of the samples and sensory attributes in Figure 1A explains 90.3% of the total variation, which agrees with Pramudya and Seo (43) and Rocha et al. (49), who presented total variations of 92.95 and 97.01%, respectively, where they illustrate the associations between the samples and the sensory descriptors in the first two dimensions of the correspondence analysis (CA).

The G7 sample based on corn flour was considered the softest, most crumbly, and sweetest. This is because starch has the functionality of improving the texture, decreasing the hardness, and increasing the characteristic flexibility of the products baked (48, 50).



4.2.2 Overall acceptability

The samples with the highest acceptability were based on corn flour (G7) and chickpea (G2), while the least admissible one was made with bean flour (G8), as observed in Figure 1B. This result was similar to what was reported by Gómez et al. (45) when evaluating the effect of the partial substitution with legume flours. In another study, Gutiérrez et al. (48) found that treatment 3 (90% corn flour and 10% starch) obtained the highest acceptability from evaluators for corn crackers and different types of starch. Similarly, Hamdani et al. (14) mentioned that cookies made with rice flour and chickpea-added karaya gum were the most accepted by consumers because they showed the highest ratings in appearance, mouthfeel, flavor, and mainly texture, helping to reduce the hardness of cookies.

It is important to highlight the increasing demand for gluten-free diets due to the prevalence of celiac disease and gluten sensitivity. The research allowed us to develop specific formulations that improve the texture, flavor, and quality of gluten-free cookies, generating a direct impact on the formulation of commercial products and consumer preference. Furthermore, by addressing sensory attributes, it allows for the improvement of marketing and positioning strategies for gluten-free products, providing the industry with valuable information to adapt to constantly evolving market demands. This approach will help to highlight the practical importance of research and its contribution to knowledge in the field of gluten-free products.





5 Conclusion

Gluten-free cookies were developed, with significant differences in the physicochemical, colorimetric, and sensory parameters. Of the different formulations made, the lentil flour cookie had a higher protein and fiber content with reduced levels of fat and carbohydrates, which distinguished it from other cookies. The corn and chickpea flour cookies obtained the highest acceptability scores compared to the rest of the cookies, being described as soft, crunchy, and sticky. These findings highlight the viability of gluten-free cookies as an accessible and marketable option, especially aimed at people with celiac disease, gluten intolerant people, and those seeking a healthy diet. The research not only offers a solution to the dietary needs of this demographic but also presents a sensory-appealing product. However, it is recognized that there is a need for future research to delve into the optimization of the formulation, shelf life, and production quality to further improve commercialization and provide a more complete and robust alternative in the gluten-free product market.
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Objective

This study aimed to compare the 36-Item Short Form Survey Instrument version 2 (SF-36-v2) (generic) and Celiac Disease Questionnaire (CDQ) (specific) questionnaires used to evaluate the quality of life (QoL) in celiac Portuguese adult individuals.





Methods

This cross-sectional study used non-probabilistic sampling based on Portuguese celiac patients who accessed the online survey in 2022. The online data collection used a self-reported instrument composed of three parts: (i) socioeconomic, health, and gluten-free diet (GFD) adherence questions; (ii) SF-36 v2 – Portuguese version (generic questionnaire) and (iii) Celiac Disease Questionnaire (CDQ) (specific questionnaire).





Results

A total of 234 individuals who accessed the survey completed the questionnaire. Seven of the eight SF-36 domains positively correlated to the specific questionnaire CDQ. The “General Health” domain (domain 4) showed a negative correlation with the CDQ. Differences in content between the two instruments might be able to explain this finding since the CDQ explores issues regarding the specificities of celiac disease (CD) and the lifelong GFD burden. About half of the sample from this study displayed poor diet adherence, it is possible that the SF-36 could not reflect the impact of CD treatment - the complete elimination of gluten from the diet - on patients’ health. Therefore, this issue should be carefully evaluated in future research.





Conclusion

Specific validated questionnaires for CD individuals, such as the CDQ, contemplate social, economic, and clinical variables that permeate the patient’s life context. Therefore, these instruments may be more suitable for evaluating QoL in this public. However, using a general questionnaire such as the SF-36 would be indicated for comparing QOL between celiac patients and the general population or even between CD and other disease individuals. In this case, we recommend assessing GFD compliance for control parallelly.





Keywords: celiac disease, gluten-free diet, Portugal, quality of life, questionnaire




1 Introduction

For Celiac disease (CD) is a permanent autoimmune disorder triggered by gluten ingestion by genetically predisposed individuals, affecting approximately 1% of the worldwide population (1, 2). CD is considered a public health problem and may cause malabsorption, leading to nutritional deficiencies, liver and bone diseases, gastrointestinal symptoms, growth deficiency, or several other consequences (1, 3, 4).

Until now, the only safe treatment for CD is a life-long gluten-free diet (GFD) (1, 3) and usually, GFD compliance improves the quality of life (QoL) in most of CD patients due to symptom remission, nutritional deficiencies and other CD-related health consequences avoidance, and mortality reduction. However, multiple factors influence GFD compliance, such as acceptance, access, availability, and cost of gluten-free products; dietary restrictions; socialization difficulties; and economic burden, among others, potentially negatively impacting CD QoL (5–9). In this sense, CD is considered a chronic condition that affects patients’ QoL as other chronic diseases (5–8) and, to achieve optimal health, it is essential to understand the individual’s perception of QoL (10). In chronic conditions, it is crucial to evaluate the impact of patients’ health conditions on their ability to live a fulfilling life and promote public policies to minimize the physical, emotional, and social burden on the patient (11, 12).

Studies have explored CD patients’ QoL perceptions using generic and specific questionnaires developed for celiac patients (13–22). The use of a specific questionnaire is important to comprehend aspects related to the celiacs’ QoL, mental health, well-being, and the economic and social aspects caused by this chronic condition and their lifelong dietary and lifestyle changes (11, 23). However, the use of a general questionnaire such as Short Form-36 (SF-36) may allow comparison among individuals with different chronic diseases or healthy individuals (24–27). The SF-36 is a widely recognized questionnaire designed to assess an individual’s health-related quality of life and functional abilities and is highly used as a generic instrument in gastroenterology (13, 28–30). Comprising 36 items that explore eight different aspects of QoL, it offers a detailed evaluation of physical functioning, limitations in daily activities due to physical health issues, pain levels, overall health perception, energy levels, social functioning, limitations in activities due to emotional problems, and mental health.

Considering the specific questionnaires to measure CD patients’ QoL, the Celiac Disease Questionnaire (CDQ) is broadly applied (11, 23) that used SF-36 in its validation process (13). CDQ was developed, validated and applied in Germany (2006) and later, it was translated and applied in several European and Extra-European countries (5, 6, 15, 23, 31–43). In Portugal, a study translated and validated the CDQ into Portuguese (41) and our previous study evaluated the quality of life (QoL) perception among Portuguese celiac patients using this Portuguese version of CDQ (42). Furthermore, a separate study conducted in Portugal utilized the general questionnaire SF-36 to assess the perception of QoL in a sample of 195 Portuguese celiacs regarding compliance with a gluten-free diet (GFD) (44). However, no study has compared a generic (SF-36) and a specific (CDQ) questionnaire to evaluate the perception of QoL among Portuguese celiac patients.

Therefore, this study aimed to compare the SF-36 v2 (generic) and CDQ (specific) questionnaires used to evaluate the QoL in celiac Portuguese adult individuals. The study is justified by the need to understand the differences between specific and generic questionnaires and how they could impact the evaluation of QoL in CD.




2 Materials and methods



2.1 Study design and instruments

This cross-sectional study used non-probabilistic sampling based on Portuguese celiac patients who accessed the online survey in 2022. The online data collection method was chosen due to the pandemic caused by SARS-CoV-2, making it impossible to use face-to-face interviews. In addition, it is considered a productive and cheap method to enroll participants and reach a more extensive sample (45, 46). The instrument was composed of 3 parts: (i) socioeconomic, health and GFD adherence questions; (ii) the SF-36 v2– Portuguese version (generic questionnaire) and (iii) CDQ (specific questionnaire) (5). The CDQ is a specific questionnaire to evaluate CD patients’ QoL. It was developed by Häuser et al. (5) and validated in Portugal by Lobão et al. (41). This questionnaire comprises 28 items divided into 4 domains (emotions, gastrointestinal symptoms, concerns, and social) evaluated by 7-point scale (from “1” - worst QoL perception to “7” - best QoL perception). The QoL general instrument used was the SF-36 v2 Portuguese version, validated in Portugal. It is an adaptation of the SF-36, which generates a physical component summary (PCS) and a mental one (MCS). This questionnaire has 36 items divided into 8 domains (1. Physical functioning, 2. Role limitations due to physical health, 3. Pain, 4. General Health, 5. Energy/fatigue, 6. Social functioning, 7. Role limitations due to emotional problems, 8. Emotional well-being) (47). It is a widely used generic, coherent, and easily administered QoL questionnaire.

We also collected sociodemographic characteristics (gender, age, marital status, educational level) and clinical variables (age at CD diagnosis, GFD compliance, use of antidepressants). The GDF compliance was self-reported since we do not have a validated instrument to evaluate GFD compliance in Portugal. Considering data collection occurred during the COVID-19 pandemic, it was not possible to validate a new instrument to evaluate it since the laboratory tests were limited. Therefore, we opt to use self-reported GFD compliance, as performed in other studies (34, 39, 48–52). Participants chose the option that best characterized their current diet regarding the question: “Do you follow a gluten-free diet?”. The response options were: 1) Never; 2) Rarely; 3) Sometimes; 4) Almost always (most of the time); 5) Always. Strict GDF compliance was considered for those who self-reported always adhering to a GFD whereas all others considered “gluten-exposed”. All the participants filled out both questionnaires.




2.2 Participants and ethics

The online instrument was inserted in the SurveyMonkey® online platform. Individuals were invited to participate in the study by the Portuguese Celiac Association (Associação Portuguesa de Celíacos - APC) or via social media posting the link from February to May 2022. The inclusion criteria were as follows: a) Individuals aged >18 years diagnosed with celiac disease (CD) underwent a comprehensive diagnostic process, including clinical, serological, and histopathological assessments (specifically high upper digestive endoscopy with duodenal biopsies), along with genetic testing (HLA DQ2 and DQ8 analysis), in line with the ESsCD guideline (53). This criterion encompasses adults initially diagnosed with CD during childhood, adhering to the European Society for Pediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN) criteria (54)) and b) Participants were residents of Portugal and affiliated with the Portuguese Celiac Association (Associação Portuguesa de Celíacos - APC). After reading all the information about the study, those diagnosed with CD who agreed to participate accessed the questionnaire items. Those who disagreed were driven to the final page, acknowledging their time. All 234 individuals who signed the consent form to participate in the study completed the questionnaire.

The research followed the American Psychological Association (APA) Ethical Guidelines for Research involving Human Subjects. The participants were informed about the study’s scope, signed the informed consent form, and were not compensated for their participation. The Polytechnic University of Viseu Ethics Committee approved the ethical aspects of this study (n.° 59/SUB/2021 - 26th July 2021).




2.3 Statistical analysis

Data were extracted from the SurveyMonkey® platform and evaluated using International Business Machines Corporation (IBM) Statistical Package for the Social Sciences (SPSS) Statistics, version 22 (Armonk, NY: IBM Corp). The statistical analysis considered the CDQ and SF-36 scores.

Descriptive statistics were performed as mean and standard deviation for SF-36 subscales. Student’s t-test, Analysis of Variance (ANOVA) and Tukey’s posthoc test were used to compare the SF-36 and the variables of interest. The tests considered two-tailed hypotheses and a significance level of 5%. The association between the CDQ and SF-36 V2 was verified using Spearman’s correlation.





3 Results

A total of 234 individuals accepted to participate in the study and completed the questionnaire. The questionnaire was virtually applied, and all individuals who accessed it completed it. Table 1 shows data from the SF-36 domains subcategorized by sex, age, age at diagnosis, education, marital status, and diet. Males showed better scores for SF-36 domain 1 (Physical functioning), domain 2 (Role limitations due to physical health) and domain 7 (Role limitations due to emotional problems), and lower scores for domains 4 (General Health) and 5 (Energy/fatigue). Age differed only for domain 2 (Role limitations due to physical health), in which those > 40 y/o had better scores. Age at diagnosis differed only for domains 5 (Energy/fatigue), in which > 20 y/o at CD diagnosis had better scores and 6 (Social functioning) in which up to 20 y/o at CD diagnosis had better scores. Considering the educational level, participants with the highest educational level presented lower scores for domains 1, 2, 3, 6 and 7. Patients living alone presented lower scores for domain 1. Those following a GFD presented lower scores for D1, 2, 6, and 7 and the best score for D5 (Energy/fatigue). The use of antidepressants did not influence the SF-36 domains.


Table 1 | SF-36 domains analyzed with subcategories based on sex, age groups, age at diagnosis of the condition, educational attainment, marital status, and dietary habits (n=234).




The CDQ domains’ maximum scores can be 49 and 196 in total. Table 2 shows that our sample presented the lowest score for social and gastrointestinal CDQ domains (23.03 ± 9.53 and 25.12 ± 8.81, respectively). Evaluating the associations, the SF-36 Domain 4 (general health) presented a negative association with all CDQ domains (Table 2). All the other domains showed positive associations with the CDQ.


Table 2 | Mean and SD of SF-36 V2 scores and correlation between CDQ scale subscores.






4 Discussion

This study recently evaluated the QoL perception of Portuguese celiac patients using a general questionnaire (SF-36) and compared its association with the specific questionnaire CDQ since CD symptoms and a lifelong GFD may significantly impact celiacs’ QoL. In our sample, about 45% of participants (n = 105) did not comply with the GFD, similar to data found in a previous study performed in Portugal in 2014 with 195 celiac patients, in which 47.7% did not comply with the GFD (44). The authors did not find an association between the QoL perception using the SF-36 and GFD compliance (44) and mentioned that it would be expected that GFD compliance would be positively associated with QoL. They list some potential explanations for their results: i) celiac patients who do not comply with the GFD were those who present milder symptoms, which do not significantly compromise their QoL; ii) those who did not comply with the GFD consider it less disruptive to their daily lives than that compliance with the GFD and iii) the possibility that the SF-36 was not sensitive enough to differentiate compliance with the GFD. In our study, celiacs not complying with the GFD showed the best scores for D1, D2, D6 and D7.

The D1(Physical functioning) scores were higher for males, > 40 y/o, those with the lowest educational levels, with partners and those not following the GFD. This SF-36 domain is important for identifying physical compromise in chronic diseases that impair common routine and exercise activities. A study (55) estimating the impact of chronic pain on patients’ QoL and found that the participants presented significantly lower mean QoL scores across all domains of the SF-36. The score for the D1 domain among the 78 chronic pain subjects was 31.8 ± 27.2 in comparison to scores of 94.0 ± 12.4 and 90.2 ± 18.9 from the general population in studies from England and Wales, respectively (p=0.001). Regarding CD, however, the impact of the condition on patients’ physical functioning has been poorly studied. Tiredness/fatigue are common manifestations described in CD (56), but they do not severely compromise physical abilities. Nonetheless, some celiac patients may experience neurological manifestations (neuropathy and ataxia), which might affect the physical domain to a certain extent. Peripheral neuropathy usually manifests as tingling, pain, and numbness, primarily in the hands and feet (57).

Two dimensions measure the impact of health limitations due to role limitations arising from physical health (D2) or emotional problems (D7), considering the type and amount of work performed, the necessity to reduce work, or the challenges faced in carrying it out. D2 scores were higher for males, those with the lowest educational levels, and those not following the GFD. The role limitations due to emotional problems (D7) presented the lowest scores for females, those complying with the GFD and not using antidepressants.

The Pain dimension (D3) measures the intensity and discomfort caused by pain and how this interferes with normal work. D3 dimension was only affected by educational level, in which those with the highest educational level showed the worst score. Abdominal pain is a frequent symptom in celiac individuals, although more frequently found in childhood (58). Although a strict GFD improves CD clinical manifestations such as abdominal pain (59), participants from our study presented low scores in D3, possibly related to the poor diet compliance found in our sample.

Energy/fatigue dimension (D5) showed higher scores for females, those complying with the GFD, and those with the age of diagnosis > 20 y/o. Although fatigue is often reported among celiac individuals, it usually improves once the GFD is implemented by the patient (56), which is in accordance with our finding that those compliant with the diet had better scores for this domain.

Social functioning (D6) was higher in those with age at diagnosis up to 20 years old, with the lowest educational levels, and who did not comply with the GFD. The finding that participants who did not comply with the GFD had higher scores for the social functioning domain is not surprising. As mentioned above, although the restriction of gluten from the diet is essential to good health in celiac patients, it interferes with social situations in the patients’ family, friends, and school/work environments (59). Wolf et al. (60) evaluated the association of QOL and GFD knowledge and adherence among 80 teenagers and adults. When asked about barriers to the GFD, 56% of adults and 70% of teens mentioned its adverse social impact. Feelings such as misunderstanding, embarrassment, stigma, exclusion, awkwardness, and guilt were expressed by participants (60).

The Emotional well-being dimension (D8) did not vary with sociodemographic data, or GFD compliance. Mental health problems have been documented in CD. Depression and/or depressive symptoms seem more frequent and/or severe in celiac patients than in healthy samples (61). Even though adherence to the GFD did not influence the D8 dimension in our sample, Sainsbury and Marques (61) suggest that poor diet adherence and self-reported depressive symptoms are associated, with the direction of causation being unclear. The authors mention that maintaining gluten on the diet may contribute to the appearance of a depressive state due to physiological mechanisms such as malabsorption of nutrients. On the other hand, being depressed compromises the individual’s ability to provide self-care and implement a safe GFD.

Males presented better scores than females on D1, D2 and D7, and worse on D4 and D5. These data differ from the previous study performed in Portugal (44) in which gender differed in D3, D5 and D8 with best results from males. Interestingly, the “general health” domain of SF-36 showed a negative association with all CDQ domains, contrary to what the authors of this study would have anticipated. A Turkish study (23) performed in 2015 with 81 celiac participants who answered the CDQ and SF-36 questionnaires showed a correlation between both questionnaires for all domains, similar to what Hauser (13) found in a study performed with 463 German celiac patients and Marchese (31) in a study performed in Italy with 171 celiac patients. An important factor to consider analyzing our results is that nearly half of the subjects in the sample (45%, n = 105) did not adhere to the GFD. It might be possible that the SF-36 does not accurately capture the influence of the GFD on the QoL of celiac patients, as previously demonstrated in a study conducted in Portugal (40). Consequently, this limitation could potentially impact the interpretation of results for questions related to the GFD. It is expected that the complete elimination of gluten from the diet leads to the remission of symptoms, normalization of intestinal histology and reduced risk for other health complications associated with CD (53), which are necessary for good health status.

Another interesting point to consider in this regard is question 2 from the SF-36 v2. “Compared to one year ago, how would you rate your health in general now?”. It might be reasonable to assume that this question, when applied to celiac individuals, would be influenced by diet compliance and time since the diagnosis. Patients who have received their diagnosis longer will probably have more tools to deal with difficulties related to the diet and the disease itself. There is evidence that more knowledge about CD and the diet, and support by health professionals and family improves the GFD compliance (53), all of which require time being diagnosed to be accomplished. Moreover, GFD effects on time until clinical improvement occurs and health depends on the length of time the patient remained undiagnosed due to the magnitude of intestinal mucosa damage (59).

This study presents some limitations. The sample comprised adult celiacs recruited using the snowball method by social media, leading to a possible selection bias due to a non-probabilistic sample. In this sense, our results may not represent the general Portuguese celiac people. In addition, despite the broad use of self-reported compliance to a GDF (34, 39, 48–52), we could not confirm the information (62), since data collection occurred online due to the COVID-19 pandemic restrictions, limiting the access to confirmation by laboratory tests. Despite the Portuguese Celiac Association has distributed the questionnaire to participants from all regions of Portugal to encompass the range of experiences and viewpoints of people living with CD in the country, the questionnaire did not ask for their exact location limiting the discussion about cultural and sociodemographic aspects.




5 Conclusions

In our study, seven out of the eight SF-36 v2 Portuguese Health Survey domains showed a positive correlation to the specific questionnaire CDQ. However, the “General Health” domain (domain 4) exhibited a negative correlation with the CDQ. Differences in content between the two instruments might be able to explain this finding, since the CDQ explores issues regarding specificities of CD and the lifelong GFD burden. Given that about half of the sample from this study displayed poor diet adherence, it is possible that the SF-36 could not reflect the impact of CD treatment - the complete elimination of gluten from the diet - on patients’ health. This is a possible explanation for this result. Nonetheless, this issue should be carefully evaluated in future research.

Specific validated questionnaires for CD individuals, such as the CDQ, contemplate social, economic, and clinical variables that permeate the patient’s life context. Therefore, these instruments may be more suitable for evaluating QOL in this public. However, using a general questionnaire such as the SF-36 would be indicated for comparing QOL between celiac patients and the general population or even between CD and other disease individuals. In this case, we recommend to parallelly assess GFD compliance for control.
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Being defined as an autoimmune, chronic pathology, frequently encountered in any age group, but especially in pediatrics, celiac disease (also called gluten enteropathy), is gaining more and more ground in terms of diagnosis, but also interest in research. The data from the literature of the last decades attest the chameleonic way of its presentation, there may be both classic onset symptoms and atypical symptoms. Given the impact played by celiac disease, especially in the optimal growth and development of children, the current narrative review aims to highlight the atypical presentation methods, intended to guide the clinician towards the inclusion of the pathology in the differential diagnosis scheme. To these we add the summary presentation of the general data and therapeutic lines regarding the underlying condition and the existing comorbidities. In order to place the related information up to date, we performed a literature review of the recent articles published in international databases. We bring forward the current theories and approaches regarding both classic celiac disease and its atypical manifestations. Among these we note mainly constitutional, skin or mucous, bone, neuro-psychic, renal, reproductive injuries, but also disorders of biological constants and association with multiple autoimmunities. Knowing and correlating them with celiac disease is the key to optimal management of patients, thus reducing the subsequent burden of the disease.




Keywords: celiac disease, autoimmunity, child, atypical onset, associated pathologies, polymorphous clinical picture




1 Introduction

Representing almost a constant in pediatric cases of recent years, celiac disease (CD) is classified by specialists as being on a fine line between over- and under-diagnosis. The two variables have as a causal background the existence of atypical presentations of celiac disease (which turn out to be the same/more present than the classic form). Added to this is the tendency to diagnose exclusively on symptomatic criteria. In support of these two statements, we find the increase in recommendations for starting a gluten-free diet (GFD) (1). Trying to broadly define the disease, Holtmeier W. et al. notes the presence of objectified maldigestion and malabsorption in predisposed persons, in case of ingestion of gluten-based products (wheat, rye). The symptomatology is doubled by epigastric pain, abdominal flatulence, acceleration of intestinal transit, steatorrhea, weight loss, anemia, growth deficiency, osteo- articular, neurological diseases or infertility. In order to establish the diagnosis, digestive endoscopy with biopsy is performed, together with the dosage of anti-transglutaminase antibodies or, in particular cases, of other specific biomarkers. The histopathological examination shows the flattening of the jejunal mucosa and the infiltration with lymphoid cells (2, 3).

Although it represents the gold standard in the treatment of the condition, GFD seems not to be a universal “medicine”, Veeraraghavan G. et al. emphasizing the existence of cases of children with non-receptive celiac disease. This is more common among girls, beginning with the slowing down of intestinal transit and abdominal pain, which cannot be controlled by an exclusion diet for at least 6 months (4). Among the risks of starting a GFD, we note the increase in the prevalence of nutritional deficiencies such as iron, ferritin, vitamin B12, folic acid and zinc among subjects exposed to this lifestyle (5). Adherence to the regimen is another key point, observed in only ¾ of the evaluated subjects (with a peak of failure among teenagers, caused by the absence of symptoms when ingesting small amounts of gluten), increasing compared to a decade ago (6).

Regarding the management, the Society for the Study of Celiac Disease reports as challenging the follow-up of the histological recovery of the damaged tissues due to the inconsistency with the clinical and serological presentation of the patient. Also, the hypothesis of a phenotypic division of the condition according to the clinical and immune characteristics is launched, the knowledge of which can improve the diagnosis rate and therapeutic efficiency (7). Screening is also important in the risk population (children with affected first-degree relatives), the curve of affect depending on sex, age and the identification of HLA-DQ (2/8) forms specific to the pathology. Meijer C. et al. noted the development of celiac disease among 135 out of 944 children included in this risk group. In them, a peak incidence was observed around the age of 4 years, with an increased ratio among girls compared to boys and homozygotes for the leukocyte antigen DQ2 (8).

Considering the wide spread of the pathology at the global level, but also the strong systemic noise triggered by it, we consider it opportune to know and raise awareness of the importance of early detection and adequate treatment of celiac disease. In this sense, we propose to develop the atypical forms of presentation among children and adolescents, along with general aspects of pathogenesis, diagnosis and therapeutic management.

We will therefore outline a general framework of signs and symptoms that should orient the clinician towards CD, by summarizing the data present in the specialized literature, obtained by accessing international databases: PubMed, EBSCO, Scholar, EMBASE. The selectedarticles will present current data, valid from a statistical point of view. To these are added future perspectives in CD therapy, intended to widen the horizons of interest in research. The text is mainly focused on the pediatric population. Since the pediatric population represents a vulnerable population, whose study imposes extremely strict ethical limits, and in order not to lose sight of particularly important aspects for the referenced pathology, we have enriched the reading with data on the adult population where there were not enough testimonies related to children. We are referring here mainly to the pathophysiological aspects of celiac disease or its manifestations. The data were therefore presented for illustrative purposes, to avoid the main reading biases that may arise from the omission of the theoretical data that are the basis of the acquisition of practical notions. Where this happened, we specified, avoiding to record percentages or definite statistical data due to their inconclusiveness with those in pediatrics. To create our database, we used general and specific terms related to “celiac disease”, “diagnosis of celiac disease”, “forms of celiac disease”, “treatment of celiac disease” and a wide range of associated conditions. Finally, we reduced the risk of bias by including in the list of references both pro and con papers regarding the controversial information in the current scientific literature.




2 Epidemiology

Presenting two peaks of incidence (at 2 and 40 years respectively), depending on the onset of symptoms, CD is characterized by a real prevalence much higher than the estimated one. The average delay in diagnosis is approximately 4-10 years. Thus, it is recorded that, for each positively diagnosed patient, there are approximately 7-10 patients with a missed diagnosis (2, 9). Percentage, the prevalence is represented by 1% in the general population, 3.9% in the case of siblings of people with CD, 10-20% in the case of relatives and 75-80% for monozygotic twins. The gender ratio is 2:1 in favor of women. Although it is considered a frequent pathology among young children, research in recent years attests to the increase in the diagnosis rate among older children. This is partly due to the application of serological screening methods (IgA anti-tissue transglutaminase or endomysium antibodies) to those with atypical presenting symptoms or belonging to risk groups (9, 10). In adults, Llorente-Alonso MJ. et al. reports the high maintenance of CD cases among women (4:1 ratio in favor of men) (11). The diagnosis rate of CD is dependent on demographic indicators and ethnicity, presenting an increased density of cases in Europe, unlike in South America. The main theory underlying the demographic differences in the density of celiac disease cases mainly concerns the variability of the genetic factors involved in the pathogenesis [human leukocyte antigen (HLA) and non-HLA genes]. On a secondary level, current medical literature also talks about the impact of environmental factors (e.g., wheat consumption, age at gluten intake, gastrointestinal infections, use of proton pump inhibitors or antibiotics, caesarean section rate and particularities of the breastfeeding process). All these aspects will be detailed further, from the perspective of extraintestinal manifestations (9).

The prevalence of extra-intestinal symptoms brings together, in descending order of occurrence, abdominal pain, poor weight curve, iron deficiency anemia, short stature, chronic constipation, skin manifestations (eczema) and reduction of bone mineral density (12, 13).

Regarding the factors that can precipitate the occurrence of autoimmunity and celiac disease, Andrén Aronsson C. et al. reports an increase in its risk proportional to each gram of gluten consumed per day (14). Another variable is represented by the type of birth, a physiological process that can leave an impression on the future course of the child in the sense of increasing the incidence of certain diseases (respiratory tract infections, asthma, obesity, disorders on the autistic spectrum, attention deficits or delays in neuro-psychic development). This aspect is generally attributed to an incomplete development of the infantile microbiota among infants born by caesarean section. To this are added particular aspects of the first years of life. However, the data regarding the impact of caesarean section, breastfeeding or the age of introduction of gluten in the diet on the increased risk of CD are contradictory (9, 15–17). Regarding the time of introducing gluten into the diet (6 versus 12 months), Lionetti E. et al. have objectified an increase in the incidence of autoimmunity related to celiac disease and CD in the first group. However, the difference was not maintained after the age of 5 years. The selective deficiency of immunoglobulin A (IgA) and particular HLA variants thus remain the most important predictors of the condition. However, genome-wide studies have found non-HLA risk factors common to other immune-related diseases (e.g., type 1 diabetes, rheumatoid arthritis, ulcerative colitis, and Crohn’s disease) (18–20).

Similarly, a correlation was made between viral infections (e.g., rotavirus, adenovirus, enterovirus, hepatitis C or Epstein-Barr virus) and the development of CD, anticipating their possible involvement in modulating the individual response to gluten. This interrelation is possibly influenced by the existence of a sequence of 8-12 amino acids similar to the toxic gliadin fraction. Vaccination exerts protective effects among children with gluten intake before 6 months (9, 20).

In light of the recent Covid-19 pandemic, Cakir M. et al. demonstrates an increase in the diagnosis of CD individually or in association with diabetes in the period March 2020-June 2021, in contrast to the pre-pandemic period. In support of the positive correlation between the acute respiratory infection and the escalation of the CD incident, we find the positivity of the serological markers of passing through the disease in a percentage of 36.3% of the children diagnosed in the pandemic (21). In the opposite sense, Lionetti E. et al. report a similar prevalence of Covid-19 among CD subjects compared to the general population.

However, the development of more severe forms or burdened by complications is not noticeable in them (22). Similar findings in the reference period were also objectified in the case of other autoimmune pathologies, such as systemic lupus erythematosus, where there was a marked increase in the rate of relapse, diagnosis of new cases and even a decrease in therapeutic control in pre-existing cases (23).




3 Pathogenesis

The physio-pathogenic cascade of celiac disease originates, as we mentioned previously, in the triggering of the body’s immune response as a result of the ingestion of gluten-based foods, in genetically susceptible individuals. The most common forms of human leukocyte antigen (HLA) associated with celiac disease are HLA-DQ2, HLA-DQ8 and, less commonly, HLA-DQ7. Despite the high degree of detection in the group of patients with symptomatic celiac disease, it is recorded that up to 20% of the general population possess these genes without manifesting a characteristic clinical picture during life. Thus, following the interaction between these and the deaminated peptide fragments, resulting from hard-to- degrade prolamins (gliadin, hordein, secalin, zein) under the action of tissue transglutaminase 2 (tTG2), CD4 T lymphocytes are activated. Following this, we encounter an increase in pro- inflammatory cytokines and chemokines, among which we distinguish interferon-gamma, interleukin 15 (IL-15), IL-2, IL-21 and tumor necrosis factor. The consequences are the infiltration of inflammatory cells and the promotion of cytotoxic CD8 T cells. Thus, atrophy of the villi of the mucosa, hyperplasia of the crypts and dysfunction of the intestinal barrier appear. These changes entail the promotion of pathogenic bacteria, the increase of translocation capacity and intestinal permeability, pathognomonic characteristics for celiac disease. In parallel, we aim to increase the production of antibodies directed at the import of tTG2 and gluten, important diagnostic markers, by B cells. Recently, Akbulut EU. et al. discuss the involvement of the IL-6 polymorphism (-572G/C) in dictating the susceptibility to the development of CD (2, 3, 7, 20, 24, 25). In addition to this mechanism, other factors that modulate the predisposition to CD include the premature cessation of breastfeeding and the gender of the patient, although the risk ratio for sexes in children is 1:1. The two exert their negative effect by decreasing the body’s defense capabilities against exogenous infections, as well as by promoting a hormone-dependent pro-autoimmune status (3). Finally, we can also add the impact played by low birth weight, lack of H. pylori colonization, SARS-CoV-2 infection or smoking status (24). Focusing on H. pylori infection among patients with celiac disease, we notice that this is an intensely debated topic in the literature. Summarizing the significant data, we can conclude that the frequency of H. pylori infection is lower among CD patients compared to control groups, both for children and adults (26–28). Where the two entities coexist, it is noted that children show milder forms of enteropathy. Therefore, it has been hypothesized that H. pylori infection may confer some protection against the development of severe degrees of villous atrophy. The main pathophysiological mechanism of the protective effect exerted by H. pylori has been attributed to a potential modulation of gluten immunogenicity among genetically susceptible patients (29).

In addition to the multitude of physiological processes that compete for the appearance of various pathologies, medical studies currently place the relationship between the disruption of the human microbiota and the escalation of the predisposition or the risk of associated comorbidities. In this sense, the balance of microorganisms, a constantly changing bioactive system, appears correlated with various diseases of the main organs (brain, heart, intestine, kidneys, lung, skin). The way in which the two entities communicate and influence each other is based on the existence of axes that connect the intestine with them. Thus, we found disturbances of the microbial flora in various atopies (asthma, dermatitis, food allergies), autoimmunity (systemic lupus erythematosus, CD, diabetes, autoimmune thyroiditis), organic insufficiency (cardiac, renal), neurological, oncological or metabolic disorders. To these are added inflammatory conditions (e.g., pancreatitis), respiratory infections, irritable bowel, gastroenteritis, esophagitis, gastroesophageal reflux disease or diverticular disease, pathologies frequently encountered in medical practice (30–36). The oral and intestinal microbiota of patients with CD is strongly influenced by a variety of factors, starting from the impact of genetic determinants, the environment (antibiotics, infections) and even the gluten-free diet. Their accumulation determines a state of microbial dysbiosis that affects the ability to take up and integrate peptides from food, being still under research if this is one of the causes or the effect of CD. The main microorganisms involved in the digestion of gliadin at the oral level are Rothia, Actinomyces, Neisseria and Streptococcus, while in the intestines of patients with active CD, an increase in Proteobacteria (e.g., Neisseria) was found in parallel with a decrease in Firmicutes and Actinobacteria. Thus, the hypothesis was outlined that in the small and large intestines of patients there are bacterial genera that influence the digestion of gliadin (e.g., Lactobacillus, Streptococcus, Staphylococcus, Clostridium, Bifidobacterium), their proteolytic activity being dictated by the amount of gluten ingested (20, 37). In this sense, current research focuses on the possible impact played by Flavobacterium meningosepticum, a bacterial endopeptidase that appears to be able to digest proline-rich peptides. However, the complete prevention of gluten toxicity by enzyme therapy is still controversial (2).

The systemic consequences of introducing a diet based on the exclusion of gluten are also worth mentioning. In this situation we can encounter deficiencies in vitamins, minerals or dietary fibers (source of short-chain fatty acids). Diet with excess fat can also precipitate an escalation of the risk of cardiovascular, metabolic diseases or body weight (in the sense of overweight or obesity) in the case of patients who do not benefit from adequate nutritional counseling. To this is added the influence played by nutrients such as vitamin A, vitamin E, selenium, calcium, iron, magnesium, zinc, omega-3 fatty acids, phytoestrogens or flavanols in the regulation of T cells and cytokine production. This balance is considered vital in the evolution of patients suffering from autoimmunity (38, 39).




4 Description of classic celiac disease

Due to the chameleonic ways of presentation, the diagnosis of celiac disease must be based on a complex and well-established protocol, made up of the corroboration of clinical and paraclinical data. The ultimate goal of following such protocols is primarily to reduce the risks of practitioners missing the correct diagnosis. Added to this are the benefits of early diagnosis and management of the pathology, aspects that improve the quality of life and “disabilities” of patients. In the following, we draw general lines in the recognition and certification of celiac disease in children, and then we draw attention to the particular forms of presentation.

Therefore, CD diagnosis starts gradually, from non-invasive to invasive, the choice of method being made according to the individual risk of each patient. Biologically, serology includes endomysial antibody (EMA), tissue transglutaminase (tTG) and deamidated gliadin peptide (DGP) assays, high sensitivity and specificity tests. Given the increased frequency in the general population of haplotypes associated with CD, despite the weak correlation with overt disease, HLA typing is considered to have a negative predictive value rather than a positive one. More invasive but considered the gold standard in difficult diagnostic cases (IgA deficiency, discrepant serology and the initiation of a gluten-free diet prior to testing), we find endoscopy doubled by intestinal biopsy (40).

Depending on the way of presentation and the response to the initiation of supportive therapy, children may be at risk of manifesting CD or may present the silent, with negative serology, refractory or non-responsive form. Cases with villous involvement but with characteristic negative serology require differential diagnosis with parasitic infection with Giardia lamblia, immunodeficiency, autoimmune or drug-induced enteropathy/in association with human immunodeficiency virus, Crohn’s disease or intestinal lymphoma (2, 9). In support of these statements, Oliveira GN. et al. notes, following the analysis of 159 patients, a prevalence of the classic disease of 60%, while the non-classic form was found in 25% of children.

Regarding the subclinical or potential forms, their prevalence was estimated at 5, respectively 10% of the number of cases (41). Among these forms, we choose to detail refractory CD, defined as the persistence of clinical symptoms and histological changes, generally unaccompanied by the escalation of autoantibody titers, despite a GFD followed for at least 12 months. The importance of its awareness resides in the increased risk of association with malignancies (intestinal lymphoma with T cells). Its prevalence is approximately 5% of the total cases of CD, being subdivided into two forms. For an easier presentation of the two forms (I and II), we refer to the exhaustive descriptions of type I - normal intraepithelial lymphocytic phenotype and, respectively, type II - clonal intraepithelial lymphocytic phenotype. The latter can be detected by means of immunohistochemistry, polymerase chain reaction methods or, more recently, flow cytometry. The definition of the clonal phenotype includes the loss of the normal surface markers CD3, CD4 and CD8 with preserved expression of intracytoplasmic CD3 (CD3ϵ) in >50% of intraepithelial lymphocytes (on the sample analyzed by immunohistochemistry) or >20%–25% (on the sample analyzed by cytometry in flow), doubled by the detection of T cell receptor chains (γ or δ) clonal rearrangement by polymerase chain reaction. The prognosis of type I is much better compared to type II, showing a better clinical/histological response to steroids or other immunosuppressive or biological drugs and less potential for lymphoma-malignancy (3, 9, 42).



4.1 Clinical

In celiac disease, the clinical picture of the pathology is in the first phase dependent on the age of diagnosis, without showing a significant correlation with the degree of damage to the intestinal mucosa. It should be noted that this has registered a significant increase in the last decade. The pathognomonic sign of CD is diarrhea with steatorrhea which, in small children, is doubled by anorexia, vomiting, flatulence and abdominal discomfort. Subsequently, these progress towards growth retardation, severe malnutrition, nutritional deficiencies, anemia or delay in the onset of puberty. It is noted that with advancing age, the clinical picture may become non-specific/atypical (2, 9, 24, 43). In this situation, the intestinal histology damage is more pronounced than in the classic/asymptomatic forms of the disease (44). The presence of age-related disease patterns was also studied by Tanpowpong P. et al. They demonstrated, through their analysis of 411 children and adolescents diagnosed with CD by biopsy, that age-dependent variations were present more frequently in the case of classic, gastrointestinal symptoms. On the other hand, age did not represent a significant variable in the case of non- specific symptoms (45).

Given the inclusion of the condition in the field of gastrointestinal pathologies, its initial extra-intestinal manifestations are considered atypical. Found in a large percentage of cases, the most important to know are small stature, skin-mucosal manifestations, osteoarticular, dental or skin appendages (hair) damage, endocrinopathies, hematological or neuro-psychic disorders. To these is added an increased risk of developing autoimmunity up to 10 times compared to the general population (3, 9). Being the basic theme of this article, all these manifestations will be detailed later.




4.2 Serological

The course of serological diagnosis of CD is well established based on protocols. Currently, the recommendations indicate the beginning of investigations by dosing IgA anti-tTG antibodies by enzyme-linked immunosorbent assay (ELISA) or, rarely, by radioimmunoassay (RIA). Due to the incrimination of gluten as the main trigger in the induction of symptoms, as well as the use of GFD as the current therapeutic gold standard, the necessity of testing during a normal diet, which includes gluten, is understood. This must precede the time of testing by at least 6 weeks. If it is impossible to achieve this, a gluten challenge test can be used (3-7.5 g/day, for 14 days). For the purpose of appropriate interpretation, the investigations must be completed by the evaluation of the serum IgA titer, to avoid cases of superimposition of normal values of anti-tTG over a selective immune deficiency. In order to obtain a reliable diagnosis in the case of a selective immune deficiency of IgA, the values of IgG antibodies are measured (9, 24, 46). However, it is necessary to clearly distinguish the selective IgA deficiency from the partial one. The latter is defined as total IgA with more than 2 standard derivations below the age average. In this case tTG IgA showed sensitivity up to 100% (47). A special recommendation is advanced in the case of children younger than 2 years where the immunoglobulin G (IgG) DGP test must be performed, due to the low sensitivity of tTG in this age group (9, 40). Liver damage and inflammation of the small intestine can also interfere with serological test results, precipitating a possible false-positive result (3).

The interpretation of positive values of anti-tTG IgA antibodies is reported according to a limit that exceeds 10 times the normal value. Depending on this, the need to perform a biopsy for diagnostic purposes is decided. Once this level is exceeded, the damage can be confirmed exclusively based on clinical-serological criteria (with the mandatory inclusion of anti-EMA antibodies in the protocol) with/without HLA typing. On the other hand, the positivity of IgG antibodies in the case of IgA deficiency does not exclude the biopsy, regardless of their value. In conclusion, the usefulness of serological testing in evaluating adherence to therapy should not be omitted. Thus, the markers become negative gradually, starting with the first half year after the initiation of the GFD (9, 46, 48).




4.3 Histopathologic

Although changes such as mucosal fissures, nodular mucosa (mosaicism), visible vascularization of the submucosa, bulbar atrophy or reduction of Kerckring folds are specific to CD, up to a third of newly diagnosed patients present a “clean” endoscopic image. Thus, for certainty, a puncture-biopsy with histopathological examination is recommended. The target biopsy area is represented by the duodenum. This is done in four quadrants doubled by collecting a sample from the level of the bulb. The preference for a multilocular pattern of analysis resides in the uneven intestinal touch encountered in CD. The main aspects that must be followed when objectify the diagnosis include the height of the intestinal villi, the depth of the crypts and the number of intraepithelial lymphocytes per 100 enterocytes (46, 49, 50). The most faithful way of classifying the histological forms of CD is according to the Marsh classification, brought up to date in the form of Marsh-Oberhuber and divided into six levels. Another way of classifying the intestinal damage is represented by the division into two groups (A – non-atrophic and B – atrophic). While group A targets an isolated increase of intraepithelial lymphocytes, group B (subdivided into B1 and B2) analyzes the inversion of the ratio of intestinal villi/crypts (normally over 3/1). However, the histological changes must be differentiated from other pathologies with similar manifestations. Among these we list autoimmune or chronic inflammatory conditions, Helicobacter pylori and other gastrointestinal infections, use of non-steroidal anti-inflammatory drugs or proton pump inhibitors, hypogammaglobulinemia (3, 49). Regarding atypical forms, Semwal P. et al. they reiterate the increase in their prevalence with advancing age and the main forms of presentation. To this are added findings regarding the lower risk of objective damage with the help of upper digestive endoscopy/histopathological examination in atypical forms, contrasting with classic ones. At the same time, histologically normal samples were found in increased numbers in the non-classical forms (51).




4.4 Pitfalls in diagnosis

Being faced with a complex pathology, with a variety of forms of presentation, CD evaluation can present a challenge for the clinician. In addition to this, the uncertainty hangs over the contexts in which screening is recommended, but also regarding the usefulness of classifying the disease in asymptomatic cases (7). Crossroads in the diagnosis and management of CD can refer to situations such as the young age of the patient, the discrepancy between the serological values and the histopathological changes, the objectification of increased intraepithelial lymphocytes (>25 IELs/100 enterocytes) without altering the villous structure or following a GFD at the time of investigation (40). Some of these may be attributed to uneven involvement of the duodenal mucosa, low gluten intake, or inappropriate biopsy orientation (9). Also, false negative results other than those stated above may appear in the case of the use of corticosteroids or immunosuppressive medication (48). In this sense, we discuss the findings of Kav T. et al. regarding the utility of enteroscopy in diagnosis. They emphasize its usefulness in the case of discordant serology-histopathology, in identifying locations of interest for biopsy, but also in the long-term follow-up regarding possible complications. To increase the efficiency of the method, the benefit of adding immersion in water is brought to the fore (52). His findings were also supported by subsequent studies, which emphasized the importance of monitoring intestinal changes in patients with CD with the help of the video capsule. The main arguments were represented by the ease of automating the investigation and thereby eliminating the possibility of bias (53, 54). In agreement with what was stated previously, in order to eliminate any diagnostic error, the initiation of a regular regimen, which includes gluten, is called for. Other minimally invasive ways to assess intestinal integrity in CD are double-contrast enema, small bowel ultrasound, MR enteroclysis and CT enterography. These are not currently included in the international guidelines as diagnostic methods of CD. However, they are useful and mainly used in follow-up, in the detection of intraluminal, mural (e.g., inversion of the jejunoileal fold pattern, transient intussusceptions, assessment of small intestine motility), mesenteric (e.g., enlarged mesenteric lymph nodes, mesenteric vascular engorgement) abnormalities mesenteric and transient intussusceptions) and intraabdominal (e.g., intestinal dilatation, increase in the volume of the gallbladder, free abdominal fluid) specific to CD and its complications (55–59). Thus, CD can most likely be excluded in the context of maintaining negative serological and histopathological results, despite a gluten-containing diet for 6-12 months (49).

Since most diagnostic variants are subject to bias, there may be false negative or false positive variations in interpretation in certain situations, Figure 1 details, in accordance with those previously presented, the optimal sequence to follow in order to obtain the most accurate diagnosis of CD.




Figure 1 | CD diagnostic scheme.







5 Atypical forms of celiac disease

Comparing the classical form of presentation among young children, with the non-classical one encountered more frequently with advancing age, we conclude that, as researched and common in practice as this pathology has become in recent years, the more unclear it is for us still the whole range of manifestations that can accompany it. We can therefore say, without exaggerating, that the atypical form of CD is beginning to gain more and more prominence both in its description and in diagnosis (60, 61). Analyzing a group of 78 patients, Iwańczak B. et al. concludes that the prevalence of atypical celiac disease closely followed the classic form of the pathology. The dominant symptomatology was represented by recurrent abdominal pain, failure to thrive, short stature, anemia, altered liver enzymes, food allergy, and associated thyroid disorders (62). We can add to this long list of chameleon-like clinical manifestations, according to Cooney MJ. et al., intermittent, noncyclic fever, of unknown origin. The observation was raised in the case of a 16-year-old girl with serological and histological confirmed CD later. At the initiation of the GFD, the clinical symptoms and the changes in the paraclinical indices remitted (63). The literature records other accompanying pathologies, which later proved to mask celiac disease. Among these we note duodenal ulcer, recurrent (pseudocystic) pancreatitis, splenomegaly (important to differentiate from a lymphoproliferative disorder), urolithiasis, severe thrombocytosis, central retinal vein occlusion or Henoch-Schoenlein purpura (64–70). Regarding the variation in the level of tTG antibodies between the two types of the disease, Aleksandra B. et al. exclude this hypothesis based on a retrospective study (71). These represent only a part of the polymorphism characteristic of CD. Thus, the most accurate outline of the systemic manifestations that can accompany celiac disease is vital in differentiating it from symptomatically similar conditions. Among these we note anorexia nervosa, autoimmune enteropathy/HIV, infectious/eosinophilic gastroenteritis, enteritis, lactose/soy intolerance, bacterial superinfection, Crohn’s disease, hypogammaglobulinemia, Whipple’s disease or Zollinger- Ellison syndrome (72). Finally, to make the distinction between the two forms of celiac disease (typical versus atypical), Table 1 compares their main clinical features.


Table 1 | Clinical variations characteristic of typical versus atypical celiac disease.



Currently, given the multitude of studies in the field, the heterogeneous presentation of celiac disease should no longer represent an obstacle in the timely identification of the diagnosis. In order to facilitate this process, we detail below the main atypical forms of CD manifestation, summarized in Table 2 (adapted from subsection 5). At the same time, we outline the possible causes that determine their appearance, but also means of therapeutic approach where they can improve the prognosis or the quality of life.


Table 2 | Atypical manifestations of CD depending on the location of the damage (adapted from subsection 5).





5.1 Deficient development curve

Children’s height is evaluated by comparing it with the anthropometric standards characteristic of each age group. Thus, the child is classified as small stature when his height falls below two standard deviations relative to the age-specific percentile. Disturbance of growth in height requires an extensive assessment carried out mainly with the aim of early diagnosis of the etiology and the initiation of appropriate treatment to be able to recover the deficit (73). Isolated short stature has been reported globally in 10% to 47.5% of celiac patients. The data are also supported by a study conducted on 104 Iranian children, who noted a prevalence of celiac disease of 33.6% among children with stature deficiency. The authors also emphasize the important correlation between growth retardation and positivity of CD-specific serological screening tests and histological morphology (9, 74). Similar findings were reported in Saudi Arabia, Assiri AM. et al. supporting the link between small stature and CD, although their research objectified a prevalence of only 10.9% of the total number of included patients (75). Currently, it is considered that up to 1/3 of children with short stature may have associated CD, independent of the age and gender of the patients, but this is controversial (76, 77). In order to practically exemplify the usefulness of knowing the connection between the two entities, we bring into discussion the case of a 4-year-old girl, who was in the records since the age of 4 months for low growth rate, accompanied by malnutrition, without systemic damage (gastrointestinal, renal or endocrinological). In dynamics, serological values, HLA genotyping and histological examination finally confirmed the diagnosis. With the initiation of the GFD, the growth deficit experienced a significant improvement (78). Similar effects were observed by Soliman AT. et al. two years after starting the GFD, both in terms of waist and body mass index (79). As a result, we can conclude that the main factor that imprints the stature deficit among children with celiac disease is represented by dietary gluten. Extrapolating the findings, we can state that the wide range of short stature prevalence in CD, variable from a demographic point of view, can be largely attributed to the variability of the gluten concentration to which affected children are exposed.

Although this can be assimilated as a consequence of malnutrition, its detailed investigation is important especially among patients whose puberty has already been triggered. The literature attests to a height compensation 24 months after the initiation of GFD. However, results are poorly represented post-puberty. Pre-puberty, however, it is important to consider the differential diagnoses of small stature (e.g., growth hormone deficiency, inflammatory bowel disease, Turner syndrome). These can be solved by appropriate treatment, the mistake of assigning them exclusively CD can significantly decrease the chances of reaching an optimal final size (44). Newer theories regarding small stature associated with CD aim at the involvement of a dysfunction in the balance of insulin-like growth hormone (IGF1) and ghrelin. CD therefore appears to manifest itself by decreasing their levels, together with those of binding proteins 1 and 3. The theories underlying this dysfunction aim either at an association of autoimmunity directed against the pituitary gland, or at a disturbance supported by systemic inflammation (80). Giovenale D. et al. recommends, based on a large-scale retrospective study, the evaluation of serum GH levels among children who do not show an improvement in the growth curve despite GFD (81). Therefore, we can conclude based on the studies in the literature that CD and GH deficiency represent two key entities in pediatric practice, especially during the growing period. They can coexist, so the objectification of one should not stop the clinician from excluding the other. The optimal treatment in this case aims at both the supplementation with recombinant growth hormone and the therapy of the underlying gastrointestinal disorders (82, 83).




5.2 Excess weight

Although the body weight of patients with CD most often follows a decreasing trend, clearly attributed to nutritional and absorption deficiencies, the occurrence of weight gain or even obesity cannot be neglected. This manifestation can accompany the pathology from the beginning, or it can appear later in evolution. The physiological bases of this paradoxical clinical manifestation have tried to be explained by means of two theories. The “compensatory hypothesis” is defined as the increased absorption capacity of the distal intestine, a segment that undergoes a functional adaptation following duodenojejunal atrophy. Considering the fact that the intestinal compensatory surface increases with age, this theory is considered to be in agreement with the peculiarities of CD depending on the life stage in which the patient is. Another theory is that of gluten withdrawal. This presupposes the improvement of the intestinal absorption capacity due to the healing of the mucosa after initiation of GFD, as well as the inclination towards a diet with a high content of proteins and lipids, with a high content of sugars and low fiber among these patients (84). However, studies on adults do not attest to a direct correlation between the patient’s nutritional status and the variability of gastrointestinal symptoms (85).

According to the latter theory, Rodrigues M. et al. report a more significant increase in weight in the first two years of initiation of therapy. Similar results were obtained by Radlović N. et al., although they emphasize the absence of a significant difference between adherent and non-adherent patients to therapy (86, 87). The specialized literature records that excess weight in newly diagnosed patients is more frequently associated with abdominal pain as an accompanying manifestation. The importance of screening among children with excess weight, with recurrent headaches of unspecified etiology, as well as close relatives of patients with CD who show excessive growth of body mass, is emphasized (88, 89).




5.3 Disorders of biological constants

Anemia is one of the most common extra-intestinal manifestations associated with CD. This can be the meeting in various forms, from iron deficiency anemia to thalassemia, inflammatory anemia or other types, as observed by Sanseviero MT. et al. From their reports, it appears that the gender distribution is approximately 2-1 in favor of girls. Also, cases of aplastic anemia associated with CD have been reported. The causality underlying it can be multiple, starting from nutritional deficiencies of iron, folate, vitamin B12 (due to villous atrophy or iron blocking in stores), blood loss and reaching the consequences of chronic pro- inflammatory status. In addition to these, in the case of CD, the polymorphism of the apical divalent transporter (DMT1). In case of massive iron loss due to villous atrophy and decreased absorption capacity, it may become unable to compensate despite its tendency to overexpress. Depending on these, the characteristics of erythrocytes vary (volume, color).

Regarding the serum level of iron and ferritin, we note that they are low, the value of hepcidin is variable, being able to even reach an increase in some cases. Similar findings are observed in the case of IL-2, which also recorded an increase (90–96). Other studies attest to an increase in ferroportin, doubled by the decrease in hephaestin, among children with celiac disease, compared to healthy ones (97).

Knowing and balancing these deficiencies is important especially at the pediatric age, when hyposideremia can negatively influence neuropsychological development. A known fact regarding the CD-anemia relationship is the disruption of the effective response to supplementation with oral preparations based on iron. In this case, the correction of the anemia will either follow the natural evolution of the CD therapy, or it will be done with intravenous preparations, depending on its severity. This interrelation was also demonstrated by Shahriari M. et al. in a study that targeted 184 children and adolescents. The authors thus emphasize the importance of early screening for the complications of celiac disease and their prevention (98, 99). Regarding the course of the underlying disease, the influence of anemia on the therapeutic response of GFD remains under investigation. However, the objectification of anemia since the CD diagnosis coincided with a more severe serological and histological profile. Also, the ability to return to normal hemoglobin was decreased, they recorded decreased values compared to the non-anemic group even after a year of GFD (100, 101).

In addition to affecting hemoglobin and nutritional components, CD has also been shown to be associated with the disruption of liver parameters and function. The main theory underlying this link is the interaction between toxic substances and the liver parenchyma.

These occur mainly due to the alteration of intestinal permeability that allows their passage into the portal circulation, inducing inflammation with liver lesions. Besides this, the involvement of immune factors cannot be neglected either, an aspect certified by the objectification of liver deposits of anti-tTG antibodies (80, 102). Also, in agreement with what was stated previously, the initiation of GFD can predispose to weight gain, especially in the first years. This disruption of body balance, together with the change in intestinal permeability, have been shown to be correlated with the increased risk of developing non- alcoholic steatohepatitis/fatty liver and metabolic syndrome. The stated pathological processes are chronic, with slow evolution and severity proportional to the duration. The risk was higher in the first years after the diagnosis but persisting up to 15 years after that. At the same time, it was higher among men compared to women and among children (103–105). From a biological point of view, it seems that elevated levels of liver enzymes (transaminases) are more common among young children with CD, increasing with intestinal alteration. They show a correlation with specific celiac disease antibodies, their increased titers being recorded in cases of hypertransaminasemia (106).

Therefore, the hepatic manifestations of CD should not be neglected. Ignoring this correlation leads to vices of etiological attribution. Severe insufficiency can be reached in time, with the need for grafting in order to restore the homeostasis of the internal environment, consequences that could be avoided by excluding gluten at the right time (107–109). Other biological disorders include hypoalbuminemia and disturbances at different levels of the coagulation cascade, platelet abnormalities, the presence of anti-phospholipid antibodies or vitamin K deficiencies. All these disorders underlie the predisposition to generalized edema and hemorrhagic or thromboembolic events, characteristic of CD (110, 111). Cases of diffuse infiltration, hydro-electrolytic imbalances, hypotension, epistaxis, spontaneous ecchymoses and even intramuscular hemorrhage occurring in the context of coagulopathy or celiac crisis are recorded in adults and children (112–114).




5.4 Skin and skin appendages manifestations

We can say without exaggerating about the skin that it represents the map of the body. Thus, the relationship between the body and the skin is bidirectional. Both the disturbances of the internal environment are reflected at its level, and vice versa, the disturbance of its integrity determines consequences at the systemic level (115). Regarding the main mechanisms incriminated in the appearance of skin lesions in CD, it seems that they are represented by the generation of immunoglobulins, pro-inflammatory cytokines and circulating immune complexes in response to the reactions carried out in the intestinal submucosa (116). Many works have been written regarding the skin manifestations encountered in the atypical form of CD. Summarizing, Abenavoli L. et al. review the most important conditions that presented statistical significance based on the analysis of randomized studies, cohort studies, case series or systemic reviews. Among these we note vesicular diseases (pemphigus, dermatitis herpetiformis, bullous linear IgA dermatosis), urticaria, psoriasis, vitiligo, rosacea, pellagra, hereditary angioneurotic edema, atopic dermatitis, cutaneous vasculitis, nodosum/necrolytic migratory erythema or elevatum diutinum, Behçet’s disease, dermatomyositis, oral lichen planus or acquired hypertrichosis (117). Similar findings were presented by Turjanmaa E. et al. They also emphasized that the severity of the skin manifestations did not vary between the study groups (118). Also, these conditions can overlap, there are forms of urticaria herpetiform dermatitis described in the literature (119). In order not to distract attention from the frequently encountered skin manifestations, we choose to detail them in the following.

Dermatitis herpetiformis (also called centrifugal annular erythema) is characterized by a vesicular, itchy rash, distributed mainly on the elbows, knees, sacral region and buttocks. Occasionally, the upper back, abdomen, scalp or face can also be affected. The reasoning behind this preference for extensor surfaces resides in the fact that they are much more prone to injury/inflammation due to the bending action of the joint. At the same time, during flexion, periarticular capillaries and nerves are stretched. Definitive diagnosis requires a skin biopsy, followed by analysis of the fragment by direct immunofluorescence. Thus, the deposition of granular immunoglobulin A (IgA) in the papillary dermis (dermo-epidermal junction) is objectify. The long-term prognosis is encouraging, the treatment of the condition being based on the administration of topical clobetasol or dapsone (diamino-diphenyl sulfone) (80, 116, 120, 121). The differential diagnosis must be performed with centrifugal annular erythema. It is presented by lesions with a polycyclic outline, erythematous or vesicular, which extend towards the periphery. They may or may not be accompanied by itching. The evolution of GFD pot is marked by the remission of skin lesions, with minimal residual hyperpigmentation (122).

Chronic urticaria (lasting more than 6 weeks) is a skin manifestation known to be associated with autoimmune diseases. The underlying mechanism is largely attributed to the existence of autoantibodies against the high-affinity immunoglobulin E (IgE) receptor (FcϵRI). To this is added the existence of a fund of chronic systemic inflammation (123, 124). The relationship between the two manifestations is bidirectional, there is currently no unanimity regarding their sequence (125, 126). A particular case of its presentation was recorded in a boy aged 3 years and 8 months. He complained of hives and angioedema after exposure to low temperatures. The symptomatology was doubled by persistent iron deficiency anemia.

Investigations in dynamics have objectified CD with the help of serological and histological tests (127). Similar cases were also described later in the literature (128). In this case, in addition to GFD, preparations such as non-sedating/sedating antihistamines or oral steroids can be used. The latter must be used judiciously, by the allergist specialist, to avoid over- administration (129).

Rosacea is a chronic inflammatory condition manifested mainly in the central part of the face. The pathognomonic lesions are represented by persistent erythema, papules, pustules and telangiectasia. These may or may not be accompanied by eye involvement, oedema, burning/stinging or xerosis. Its pathophysiology brings together the disruption of epithelial barriers, genetic and environmental factors, immunological imbalances and neurovascular reactions. It shares common susceptibility loci with CD, having a more significant statistical association among females than males. In boys, the autoimmune disease that reached statistical relevance regarding the association with rosacea is rheumatoid arthritis (130–132).

The incidence rate of alopecia among newly diagnosed CD patients is estimated to be ~1%. Conversely, the prevalence of CD among children with alopecia is almost 50%. The importance of performing screening in the affected population is therefore explained. The gender ratio is in favor of girls, they more frequently present an association between alopecia and CD. The main pathogenic mechanism incriminated in its occurrence is the autoimmune one. In this sense, hair regeneration 1-2 years after GFD initiation attests to the hypothesis.

Depending on the type of lesions, the condition can be divided into alopecia areata, totalis and universalis (80, 133). The case reports attest to the correlation between the two entities. Also, the results of the gluten-free regimen on hair regeneration are reiterated (134, 135). To this, for an adjuvant purpose, we add the promising prospects of the Mediterranean diet, rich in protein and soy (136).

Affecting the components of the oral cavity (mucous membranes, dentition) can be identified as an accompanying manifestation of celiac disease. Chronic CD can be associated with delayed tooth eruption, mineralization disorders and dental caries, recurrent canker sores, lesions of the oral mucosa (ulcerations, erythema, cheilitis, atrophic glossitis), dryness and burning sensation of the tongue. The main mechanism incriminated is oral dysbiosis. The consequences are an oral smear rich in leukocytes, a change in the salivary volume and the structure of the tests. Affecting the enamel can involve the initial dentition or the permanent dentition. They are frequently arranged symmetrically, at the level of the four quadrants of the dental arch, having a double prevalence among the celiac population, compared to the general population. The main drawback lies in the lack of response to the exclusion regime in the case of permanent dentition, an effect that does not occur in the case of stomatitis (44, 137–143). Multiple studies in the recent medical literature attest to the correlation (144–146).

Recurrent aphthous stomatitis specific to celiac disease is defined as the presence of multiple lesions on the non-keratinized oral mucosa, usually occurring in childhood or adolescence.

Broadly speaking, it is found in 4% to 41% of CD patients. The appearance is round or ovoid, bordered by an erythematous background, with a yellow or gray base. Their presenceinterferes especially with speech, mastication and swallowing, decreasing the quality of life due to pain. Regarding disturbing factors, it seems that HLA DQB1 has a protective role, while family predisposition, local trauma, stress, hormonal variations, nutritional deficiencies, food hypersensitivity or immune changes leave a negative impression on the patient’s chances of developing the disease (147, 148). CD screening among children with recurrent aphthous stomatitis and nutritional deficiencies is vital, the incidence of the pathology being significantly increased compared to the general population (149). GFD together with the local, individualized treatment of the lesions has demonstrated beneficial results in terms of restoring the oral health of patients with CD. The exception is found in what concerns the damage to the dental enamel (150).




5.5 Systemic damage

Atypical celiac disease at the onset can involve various organic manifestations. Among these, we highlight intestinal intussusception. Although its clear frequency could not yet be established, the association between the two pathologies is certified by numerous reported cases (151–154). It is noted that the risk factors associated with this are age and low weight, diarrhea at presentation, abdominal distension, rickets, low serum albumin, severe villous atrophy and refeeding syndrome (155, 156). The risks in the dynamics are represented by the recurrence of symptoms, intestinal obstruction and acute surgical abdomen. The differential diagnosis must be made with tuberculosis and intestinal lymphoma. Since the manifestation is often transient, expectant management and the initiation of GFD are preferred over surgical resolution (157, 158). In conclusion, for an optimal approach to intestinal intussusception, especially in small children, it is recommended to perform CD screening even in the absence of nutritional deficits (159).

Intestinal disorders that accompany CD can represent a cause of kidney damage, mainly through the intestine-kidney axis. Thus, celiac disease can predispose and precipitate the appearance of conditions such as renal diabetes, IgA nephropathy (IgAN), glomerulonephritis, renal damage with minimal damage, focal and segmental glomerulosclerosis, nephrotic syndrome, urolithiasis, urinary infection or distal tubular renal acidosis (160, 161). Also, subclinical CD can be associated with hyperoxaluria and a dynamic evolution towards deterioration of renal function (162). By far the most particular form of kidney damage in CD that can exemplify the gut-kidney correlation is IgAN. A similar effect in which dysbiosis is blamed can also be observed in chronic kidney disease. Recent studies have demonstrated its genome-wide association with immune-mediated inflammatory bowel diseases, intestinal barrier functionality, and response to intestinal pathogens. This overlap has a negative impact on the prognosis (163–165). A peculiarity of the renal samples collected from celiac patients is represented by the objectification of IgA-tTG deposits only in the case of those who do not follow a gluten exclusion diet (166). In conclusion, Pérez- Sáez MJ. et al. attests to the beneficial impact played by GFD in the biological evolution of children with kidney damage (167).

The characteristic symptomatology of the osteoarticular apparatus is intensely evoked mainly in childhood. Its causality can be dictated both by physiological processes specific to the period, and by disturbances in the pathological sphere. Regarding the subject of the study, we discovered causal associations between CD and joint hypomotility, proximal muscle weakness, arthralgias, osteoporosis, osteopenia and increased fracture risk. All theseassociated diseases are included under the umbrella of the term “metabolic bone disease” (168–170). As the name indicates, metabolic bone disease has as its main substrate malnutrition following the alteration of intestinal absorption. Added to this are the consequences of the chronic inflammatory state. Certainly, for a proper approach, the exclusion of food gluten is not enough. Although it showed promising results, the GFD must be accompanied by supplementing the deficiencies (168). GFD led to an increase in vitamin D levels, improvement in bone mass content and bone mineral density, although the period required for its normalization cannot yet be estimated. However, its role in bone health cannot be neglected (171–173).

The main neurological conditions particularly associated with CD are gluten ataxia, peripheral neuropathy (Guillain-Barrè syndrome), headache, epilepsy, depression, anxiety and cognitive-behavioral disorders. The latter include various forms of dementia (Alzheimer’s, vascular, frontotemporal), memory disorders, acalculia, lack of attention and deficits in execution or spatial orientation. Post-mortem examination in gluten ataxia objectifies as a distinctive sign the uneven loss of Purkinje cells in the cerebellar cortex.

Migraine is another manifestation possibly associated with celiac disease, the pathognomonic sign of the coexistence of the two entities being occipital and parieto-occipital calcifications. The hypotheses regarding the mechanism by which the central nervous system is affected are multiple. These can be briefly classified as cerebral hypoperfusion (due to perivascular inflammation) or gluten-mediated mechanisms. The latter include cross-reaction of autoantibodies, deposition of immune complexes, direct toxicity or disturbances of the gut- microbiota-brain axis (147, 174–178). Predisposing factors for neurological manifestations are female sex, mild histopathological form and HLA-DQ2 heterozygosity (179).

Bashiri H. et al. records a prevalence of approximately 6% of celiac disease among children with epilepsy. This encourages through their study the GFD approach, noting promising results in the control of convulsive seizures (180). Although the prevalence of CD did not reach a statistical significance among children with autism spectrum disorders, compared to the general population, Prosperi M. et al. underlines the need for screening in this group of patients. The considerations on which they are based are given by the identification of some patients with asymptomatic CD in the target group, but especially by the frequency of the atypical clinical picture in this age group (181). In addition, Özbudak P. et al. describe the celiac disease-catatonia association, by exemplifying the case of a 15-year-old girl.

Characteristic manifestations include stupor, waxy flexibility, and muteness lasting more than 1 hour (182). Also, although the case concerns a man past the age of adolescence, we want to mention the possibility of the onset of CD through neurological symptoms specific to amyotrophic lateral sclerosis. In this situation, the elimination of gluten for a period of 4 months coincided with the stopping of the evolution of the neurological symptoms and the normalization of the gastrointestinal ones (183). Recent studies also attest to the association at the genomic level of the two conditions (184). In conclusion, the differential diagnosis of subclinical or clinical neurological manifestations in children must include CD. The benefits aim at both the prevention of progressive deterioration in adult life, as well as the ability to exploit the protective effects of GFD in evolution (185).

Puberty usually occurs around the age of 11 for girls and 12 for boys. The evolution of secondary sexual characters is monitored using the Tanner classification. The differential diagnosis must include investigations such as the assessment of bone age, based on growthnuclei. In the context of CD, the delay in the onset of puberty is attributed to malabsorption and the delay in maturation of the hypothalamic-pituitary-gonadal axis. If in girls this manifests itself through delayed menarche, in boys we observe a mode suggestive of androgen resistance (reduced serum level of dihydrotestosterone and increased by luteinizing hormone). Therefore, if we are faced with delayed puberty, it is necessary to perform the screening for CD and initiate the GFD. The lack of improvement after 1-2 years of the regimen requires the patient to be referred to endocrinology for the exclusion/objectification and treatment of coexisting conditions (44, 186–188). Bayrak NA. et al. attests the correlation between Tanner stages, GFD adherence, transferrin saturation, total iron binding capacity and vitamin D (189).

In evolution, untreated CD can lead to reproductive disorders among girls past the age of adolescence. These are manifested by irregular menstruation, amenorrhea, early menopause, risk of spontaneous abortion, children with low birth weight, reduced breastfeeding capacity or children stillborn. The severity of the consequences is directly proportional to the severity of malabsorption. They fade and even go away with GFD adherence (190, 191).

Consequently, CD screening among women with unexplained infertility is important, Remes- Troche JM. et al. noting a positivity rate of at least one specific marker for them of approximately 4.6% (192). Affecting male fertility was not observed (193).




5.6 Association of autoimmune diseases

It is known in the medical world that autoimmune diseases can form familiar aggregates. However, the possible association between multiple autoimmunities found in the same patient should not be neglected either. In this sense, we will present in the following the autoimmune associations that can camouflage celiac disease.

Broadly speaking, specialized literature correlates CD with endocrinopathies such as diabetes, Hashimoto’s thyroiditis, Graves’ disease, Addison’s disease (adrenal insufficiency), secondary hyperparathyroidism, ovarian insufficiency or pituitary disorders (resulting in hypogonadism, prolactin level imbalances) (194, 195). Autoimmune hemolytic anemia or autoimmune hepatitis can also be added to this list (196). By studying a group of 228 patients, Varol Fİ. et col. notes the absence of predictive factors that can anticipate the risk of association of CD with other glandular autoimmunities. They analyzed age, sex, symptoms, tTG level, HLA haplotype and histopathological stage. They did not obtain statistical results except in terms of age (higher in the case of association) (197).

Exceptionally, the specialized literature records associations of CD with Down’s syndrome or asthma (198–200). In this case, screening is encouraged, as only intestinal histological changes can be detected, without immunological disturbances or CD specific markers (201). The consequences are among the most diverse, being able to include sideroblastic anemia resistant to iron treatment. This subsided when GFD was introduced into the therapeutic regimen (202). The pathogenic bases of the association are most likely aimed at immune and microbial imbalances, common to the three pathologies (203, 204). Similar implications can be observed in the case of the association CD - systemic lupus erythematosus, a condition in the etiology of which we also find dysbiosis (205). Therefore, a number of autoimmunities can overlap in some situations, being included in the multiple autoimmune syndrome (MAS). MAS is divided into three types, depending on the coexisting pathologies. In this sense, Boccuti V. et al. presents the case of a known boy with CD atypical form in the antecedents(psychiatric symptoms at the age of 18). He was also diagnosed with Hashimoto’s thyroiditis and systemic lupus erythematosus. The current association is included in MAS 3 (206).

Unlike the previous examples, where the connection with CD was explained from the perspective of similar pathogenesis, the overlap of CD - type 1 diabetes mellitus (T1DM) most likely refers to the common genetic predisposition (207). The prevalence estimated by Goh C. et al. it is approximately 6% if we refer to the positive serological testing for CD and 4% regarding the results of the characteristic jejunal biopsy (208). More recently, Joshi R. et al. notes the prevalence of CD in the group of those with diabetes as being 15%, with a positivity rate of the biopsy of 7% and a characteristic symptomatology that affects 1/3 of the patients at the time of screening. Also, they place the T1DM - CD correlation in second place, after that between T1DM and autoimmune thyroiditis (209). Furthermore, Singh P. et al. emphasizes that the coexistence of the two conditions increases the patients’ risk of developing hypothyroidism and small stature (210). Height retardation has not been shown to be correlated with gender, but it is dependent on the time of CD diagnosis (more important at younger ages) and following a GFD (211). Worthy of mention in this context is also the result of the study conducted by Delvecchio M. et al., who demonstrated an alteration of the absorption capacity of iodine among patients with CD, compared to the general population.

Also, this seems to be only partially corrected by the initiation of GFD (212). Finally, Bourhanbour AD. et al. discuss the prevalence of the CD-T1DM association in different areas of the world, by comparison with the Moroccan population. It also highlights the importance of CD screening in susceptible patients, especially due to the long-term risk of lymphoma or adenocarcinoma (213).





6 General therapeutic lines

The therapeutic gold standard of CD, respectively GFD, can be considered a necessary evil. In this context, some patients confess that they feel the burden of the gluten exclusion diet more acutely than that of the treatment for type 1 diabetes, intestinal or heart diseases. The exception was represented by patients with kidney disease in the dialysis stage, who felt the burden of the underlying disease more strongly. For this reason, current research focuses on the development of adjuvant therapeutic substances, intended to allow the inclusion of dietary gluten to be tolerated without triggering clinical symptoms and paraclinical manifestations. In this regard, we discuss prolyl endopeptidases, NKG2D antagonists, R-spondin-1, IL-15 blockers, glutenases (e.g., latiglutenase), the tight junction regulator (e.g., larazotide), nanoparticles that induce tolerance to gliadin, polysulfonated synthetic polymer (hydroxyethyl methacrylate-costyrene sulfonate), anti-gliadin antibodies from egg yolk and various immunoprophylaxis variants. However, their effectiveness remains controversial and open to future research (3, 47, 214–216). A benefit can be felt by patients when adding quinoa flour and malt to the diet. The results reside in the nutritional enrichment and increased food variability offered by the two components (217). Another adjuvant therapeutic approach is represented by the administration of steroids in recently diagnosed disease. However, this shows modest paraclinical results (218). To these is added the treatment of coexisting conditions and the supplementation of the main nutritional deficiencies of iron, calcium, magnesium, potassium, vitamin B12, A, D, K, folic acid or proteins (2).

Once CD is diagnosed and therapy initiated, a key point of management is the follow-up of adherence and its results. In this sense, it is important for the practitioner to know and avoidthe administration of medicines that contain traces of gluten in their composition.

Summarizing, we retain among its various preparations based on β-alanine, Acebutolol, Adenosine phosphate, Sulfadiazine, Cefaclor, Allopurinol, Phenobarbital, Trihexyphenidyl hydrochloride, Probenecid, Ketoprofen, Cholecalciferol, Ethambutol, Silymarin, Methotrexate and the list can go on (48). Of course, this specificity with possible implications for CD is dependent on the excipients and not the active substance. However, an alarm signal must be raised to raise awareness of the possible implications of some drugs commonly used in clinical practice, when their method of preparation is not fully understood by the clinician. The benefits of GFD regarding the reduction of celiac disease morbidity were most of the time indisputable, both for symptomatic and asymptomatic patients (219–221). The literature also notes superior results of GFD among children, compared to adults (222). Regarding the variability of the response to GFD, there is no data in the literature, to our knowledge, that attests different results in terms of efficiency between the typical and the atypical form. The distinction resides mainly in the manifestations that it diminishes/counteracts. Respectively, in the typical form of the disease, the aim is to obtain a histopathological remission at the level of the affected intestinal epithelium by using GFD. In contrast, taking into account the fact that extra-intestinal manifestations predominate in the atypical form, the desired in this situation is also the prevention of potential complications of the disease. Therefore, we can conclude that, while in classic CD GFD has mainly a therapeutic role, in the atypical form of CD it also plays a role in prevention. In both forms, the effectiveness of the GFD is rather influenced by the receptivity of the patients depending on their age (children show better results than patients whose therapy started at older ages) and the amount of gluten ingested “accidentally” (desirably below 10 mg/day). At the opposite pole, in the form of refractory celiac disease, we are mostly talking about a resistance to a GFD correctly followed and maintained for at least 12 months. This can be either primary or secondary (relapse after apparent results induced by GFD) (9, 72, 223). In this situation, GFD plays rather an adjuvant role, additional to nutritional therapy, pharmacological and surgical measures, rather than the main therapeutic one. It is noted that GFD reduces overall morbidity and mortality in CD. However, GFD alone may be an effective maintenance therapy in exceptional cases. Elemental diet showed promising results in a small heterogeneous group of patients with refractory enteropathy without clonal intraepithelial lymphocyte phenotype (refractory CD type 1) (42). Probiotics can represent adjunctive therapeutic means in the case of residual symptoms despite adherence to the GFD. For this purpose, preferably use preparations based on Bifidobacterium and Lactobacillus. The effects are marked by an increase in the Firmicutes/Bacteroides ratio and the abundance of Actinobacteria. To these is added the decrease of pro-inflammatory factors, acetic acid and total short-chain fatty acids, in parallel with the restoration of the microbiome (37). This clarification reinforces the conviction regarding the importance of early diagnosis and treatment of affected children, with the main aim of limiting the medium and long-term consequences.

In addition to GFD, adjuvant nutritional and pharmacological therapy, we also find an active lifestyle. In this sense, Nestares T. et al. argue that spending greater time in vigorous physical activity was associated with higher lean mass and bone mineral density, regardless of the time they followed a GFD (224).




7 Conclusions

The current work is focused on the atypical, non-pathognomonic phenomena encountered in celiac disease. We tried to expose in a clear, concise and objective manner the main signs, symptoms or conditions that can be associated with CD. The subject is a topical one, mainly because of the objectification of the increase in the diagnosis rate of celiac disease at the global level. Added to this is the ease with which most of the imbalances correlated from a causal or associative perspective with CD can find their solution with the initiation and maintenance of a GFD. Especially in late childhood, adolescence and even later in adult life, the classic form of the pathology is only the tip of the iceberg. At its base there are numerous constitutional, biological and systemic disturbances whose exposure were made with the aim of emphasizing the importance of screening in risk groups. This awareness is vital because, compared to other diseases whose methods of diagnosis and treatment may still encounter cognitive biases, CD is well described from this point of view. The gold standard is represented by the GFD, doubled by adequate nutritional supplementation.

The therapeutic target is mainly maintaining the metabolic balance in balance given its role in the child’s growth and development. There is currently no approved pharmacological treatment. In conclusion, the child with CD requires the formation around the disease of a multidisciplinary team, adequately trained in the knowledge, diagnosis and rapid countermeasures of the main associated symptoms. The period until the intervention dictates the long-term prognosis. However, it is not recommended to initiate a gluten exclusion regimen without clearly objectifying the pathology in order not to precipitate further consequences. Finally, we would like to draw attention to the wide range of pathologies entangled with CD, considering it necessary to deepen further research aimed at the physio- pathological bases of the interconnection. The main purpose of this initiative is the possible prevention of associated comorbidities (e.g., skin, kidney, brain damage by modulating the intestinal microbiota) and avoiding the exacerbation of the already existing ones.
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Celiac disease (CD) is an autoimmune chronic enteropathy provoked by gluten ingestion in genetically predisposed individuals. Considering it´s only safe treatment is a lifelong gluten-free diet, the burden of living with the disease becomes evident, as well as the need to assess CD health-related quality of life (HRQOL). This review aims to identify and analyze the instruments used to evaluate the HRQOL of adults with CD. This integrative review using a systematic approach was designed to achieve high scientific standards. Accordingly, the search strategy was developed and executed as recommended by the guideline of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. Detailed individual searches were developed to Pubmed, Science Direct, Scopus, Web of Science, and Google Scholar. After careful analysis of the papers, 43 studies were included, in which seven instruments were identified: Celiac Disease Questionnaire (CDQ) (n=21), Celiac Disease Specific Quality of Life Instrument (CD-QOL) (n=17), Celiac Disease Assessment Questionnaire (CDAQ) (n=4), CeliacQ-7 (n=1), CeliacQ-27 (n=1), Black and Orfila´s self-developed instrument (n=1) and the Coeliac Disease Quality of Life Questionnaire (CDQL) (n=1). The CDQ and CD-QOL were the two most applied instruments. Since the first focuses on the physical and mental symptoms related to the disease and the second focuses on the emotional repercussions of adhering to the GFD treatment for life (dysphoria), the CDQ application is an interesting option for countries that struggle with public policies for CD patients and patients with active CD. The CD-QOL could be used for countries with strict regulations for CD and gluten-free products and populations in remission. When comparing results among different populations, it is preferable to utilize culturally validated instruments, which have been applied across multiple countries, providing greater comparability between study findings.
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Introduction

Celiac disease (CD) is an autoimmune chronic enteropathy by the ingestion of gluten in genetically predisposed individuals. It affects approximately 1% of the world´s population (1). As CD is linked to small bowel mucosa damage, its classic form main feature includes gastrointestinal malabsorption syndrome. Its clinical picture usually includes chronic diarrhea, abdominal distention and pain, weight loss, and failure to grow in infants (2, 3).

However, patients also usually face a wide range of extraintestinal symptoms and disorders that might include chronic fatigue, depression, anxiety, osteoporosis, compromised fertility, and libido, especially in women (4, 5). Although CD ordinarily combines a vast number of symptoms, some individuals are asymptomatic, even in cases in which mucosal damage is present (6). Those patients have a heightened risk of complications since they do not recognize the clinical aggravation of CD and tend to be more resistant to the treatment (7, 8).

Until now, the only safe and effective treatment for CD is the adoption of a gluten-free diet (GFD), characterized by the exclusion of cereal grains (wheat, rye, barley, and, in some cases, oats) and all their derivatives from the diet (9). When following a strict GFD, most patients experience remission of the disease’s physical manifestations and normalization of small bowel mucosa (10, 11). Nonetheless, compliance with the GFD is challenging since it requires changes in lifelong dietary habits, which are accompanied by the lack of information and guidance for the preparation of healthy gluten-free meals among the general population, the high cost of gluten-free products, the risk of gluten cross-contamination, and even social exclusion (12). The combination of the physical, emotional, and social burdens and worries related to the GFD experienced by celiac patients is directly related to how they perceive their quality of life (4, 9).

Quality of life (QOL) is a multidimensional concept that includes subjective evaluations of both positive and negative aspects of life regarding individuals’ goals, expectations, standards, and concerns (13). In the past years, worries about QOL in CD have increased and many questionnaires have been developed, adapted to different cultures, and validated to explore patients’ perception of well-being (9, 14, 15).

However, instruments used to measure the QOL of celiac individuals must be carefully elaborated to comprise the specificities of CD, from its clinical manifestations to the overall difficulties faced regarding compliance with the GFD (16, 17). Thus, it is important to highlight that questionnaires whose domains do not address these particularities may present limitations (18, 19). Therefore, CD population-specific validated questionnaires are the most reliable ones since they include the patients’ struggles and CD specificities (20, 21).

To our knowledge, no studies compare the existing instruments that measure celiac individuals’ QOL, nor the main domains used to evaluate it. In this sense, this review aimed to identify and analyze the instruments used to evaluate the health-related quality of life of adults with celiac disease. The findings of this study may guide researchers in studies related to QOL and assist the development of public policies for celiac individuals, reducing the impact on health assistance and the costs of treatment of CD and its consequences.





Methods

This integrative review using a systematic approach was designed to achieve high scientific standards. Accordingly, the search strategy was developed and executed as recommended by the guideline of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (22).




Eligibility criteria

This review included quantitative studies that developed; translated and culturally adapted; or validated questionnaires to measure the QOL of adults with CD. Studies that evaluated QOL in the population mentioned using instruments designed for people with CD were also included.

All studies that analyzed the QOL of celiac patients using instruments designed for the general population were excluded. Additionally, qualitative studies, studies in which the population evaluated was under eighteen years old, reviews, letters, conference summaries, case reports, short communications, and books were excluded.





Information sources and search strategy

Detailed individual search strategies were developed for the following databases: Pubmed, Science Direct, Scopus, and Web of Science. Partial gray literature research was conducted using Google Scholar. The final search in all databases was performed on September 7th, 2023. Additionally, a manual examination of the reference lists of the full-text studies included was performed to ensure that possible relevant studies that could have been lost during the electronic search of databases were identified.

The literature search was conducted in English using the following terms, their mesh terms, and synonyms: “quality of life” AND (“celiac disease” OR “coeliac disease”) AND (“questionnaire” OR “instrument”) AND “adults”. The appropriate combinations of truncation and words were selected and adapted to the search specificities of each database (Supplementary Table S1 - Supplementary File). No limitations of language or date of publication were applied; therefore, all studies published until the final search were included.

All references were managed by Endnote Web. After removing duplicate hits, the references were transferred to Rayyan, where the authors performed the selection of titles and abstracts.





Study selection and data collection processes

Calibration exercises were conducted before starting the review to ensure consistency among reviewers. The selection was conducted in two phases. In phase 1, two reviewers (SF, RR) independently reviewed the titles and abstracts of all references identified from databases. Articles that did not meet the eligibility criteria were discarded. In phase 2, the same reviewers (SF, RR) applied the eligibility criteria to the full texts of the selected articles. In cases of disagreement, the two reviewers discussed until a consensus was obtained. A third reviewer (ALF) made the final decision when there was no consensus. These data were synthesized by the three reviewers (SR, RR, ALF) using a standardized table. The final selection was always based on the complete text of the publication. The list of references from the selected studies was critically evaluated by the BRL examiner. Additional studies were added by the experts (PF and RPZ). Figure 1 demonstrates the search and study selection processes through a flow diagram.




Figure 1 | Flow Diagram of Literature Search and Selection Criteria.1







Data extraction

The following characteristics were collected from the selected articles and synthesized using a standardized table containing authors and year of publication, the country where the research was conducted, the aim of the study, methods, participants and sample size, instrument(s) used to measure the quality of life, and main findings. The complete table with collected results is available in Table 1.


Table 1 | Summary of descriptive characteristics and instruments included in the studies.








Results

After a systematic literature search and subsequent peer analysis, 43 studies, published between 2006 and 2023, were included in this review. Table 1 presents the studies’ general characteristics.

The 43 included studies were conducted in a total of 21 countries. Spain had the highest number of studies with 16.28% (n=7), followed by the United Kingdom (UK) (13.95%, n=6), the United States of America (USA), and Italy (9.3% each, n=4). In South America, Brazil accounted for 6.98% (n=3) of the studies, while Argentina, Chile, and Paraguay each contributed one study (2.33%). Iran, Portugal, France, and Germany each had two studies (4.65%, n=2 per country). Additionally, Canada, Hungary, Netherlands, Poland, Morocco, Australia, and Turkey contributed one study each (2.33% each). A collaboration between Denmark and Ireland resulted in a joint research contribution (2.33%, n=1). A choropleth map regarding the distribution of the frequencies of included studies by different countries is available in Figure 2.




Figure 2 | Chroropleth map generated from the number of studies according to their origin. Higher frequencies are represented with darker tones of green.



This article comprises information on studies published in a 17-year period, with the majority (53.33%, n=24) published in the last six years (2018-present). As evidenced in Figure 3, the first instrument developed to measure celiac QOL, the CDQ, was developed in 2006 (17) and set an important precedent for researchers in the field, since then, it became evident that the assessment of celiac QOL should be performed using tools designed to the celiac population specificities.




Figure 3 | Use of specific questionnaires to measure celiac patients’ quality of life throughout time.



Among the studies that applied validated methods and questionnaires for analyzing QOL of CD patients, following instruments were identified: (i) Celiac Disease Questionnaire (CDQ) (n=21) (ii) Celiac Disease Specific Quality of Life Questionnaire (CD-QoL) (n=17); (iii) Celiac Q27 (n=1); (iv) Celiac Q7(n=1); (v) Coeliac Disease Assessment Questionnaire (CDAQ) (n=4); and (vi) Celiac Disease Quality of Life Questionnaire (CDQL) (n=1). It is imperative to emphasize the importance of cultural adaptation when using validated instruments like the ones mentioned in this review in different sociocultural backgrounds since the experiences and challenges faced by individuals with celiac disease can vary across different countries and cultural backgrounds. Studies carried out without cultural adaptation may fail to accurately capture the unique factors influencing the quality of life for celiac patients in the countries´ specific contexts.

Concerning the domains in the included instruments, a total of fifteen domains were observed when all instruments were analyzed together Clique ou toque aqui para inserir o texto (14, 17, 21, 27, 32, 34, 52). Figure 4 graphically represents the domains of the seven instruments included, it also represents intersections between domains with similar nomenclatures/subjects in different questionnaires.




Figure 4 | Graphical representation of the present domains in the included instruments and their respective intersections. Most utilized instruments are represented with proportional bigger circles.



It is important to note that similar denominations of the domains present in different questionnaires can evaluate different constructs depending on the questionnaire. Also, domains with different nomenclatures evaluate similar constructs.





Discussion

As displayed in Figure 2, the countries that have executed more research on the topic are Spain, followed by the UK, Italy, and the USA. It can be inferred that developed countries tend to have more preoccupation regarding health-related quality of life (HRQOL), more access to CD diagnoses and deal with less misdirection from CD diagnosis due to infectious diseases, which represents a struggle to control acute gastrointestinal cases, and the fact that there used to be a misconceived association of CD with populations exclusively of Caucasian origin (54, 55). This may explain the range of countries where studies regarding the quality of life of celiac patients were conducted.

In addition, it is essential to emphasize the importance of investigating celiacs´ health dimensions in nations that have not yet done so, even though CD has been reported in them, such as India and Russia, both of which rank among the world’s ten most populous countries, along with several others (54, 56). The recent increase in studies reflects a growing awareness about how celiac disease impacts patients’ quality of life. This heightened focus may stem from either an escalating prevalence of CD over time or an increased recognition of its importance as a global public health issue in the past two decades (54, 55).





CD specific instruments to assess QOL




Celiac disease questionnaire

The CDQ was designed in Germany in 2007 through the prism of patients, experts in the CD field and scientific literature to evaluate celiac individuals’ HRQOL, being a pioneer in the subject (17, 18). It is a quantitative 10-minute self-administered questionnaire composed of four subscales: emotional issues, social problems, disease-related worries, and gastrointestinal symptoms. Each subscale has seven sub-items each, resulting in a total of 28 questions (18, 30).

The CDQ domains consider the patient´s feelings and perceptions concerning the challenges the disease and the GFD impose in their lives (29).The subcategories comprehend the dimensions of HRQOL, which are physical, emotional and social, and were related to domains of other disease-specific instruments like the Chronic Liver Disease Questionnaire (57) and the Inflammatory Bowel Disease Questionnaire (58).

The participants’ answers are evaluated using a 7-point Likert scale that varies in crescent punctuation, from always, most of the time, often, now and then, rarely, almost never, and never (18). The CDQ final evaluation score is a result of the addition of each question´s points, and therefore ranges from a total of 0 to 196 points; the score varies from 0 to 49 in all domains (18, 30). Lower scores indicate reduced HRQOL, hence higher values indicate high HRQOL (18). Although the CDQ score does not have a cut-off point, its development included a group of people who do not present CD-related disease as a comparison (18).

Throughout various studies conducted in different countries, the CDQ was used for measuring HRQOL in its original version, developed and validated in Germany (17), and has also been translated, culturally adapted, and validated to a diverse range of populations. The adapted versions were applied to populations in Italy (25, 26, 46), Portugal (28, 53), France (29, 51), Turkey, Brazil (21, 45), Poland (9), Iran (38), Argentina (43), Morocco (52), and Spain (50). Furthermore, the original CDQ was employed in studies conducted in Germany (17), Italy (23), Poland (9), Australia (40), Hungary (47), UK (8). Overall, the CDQ has been applied across 21 different studies (48.4%) spanning 15 countries, corresponding to 71,42% of the nations that investigated the thematic and are contemplated in this review.

In the original paper, the total score of QOL indicated that in Germany, people with CD presented lower QOL (143.1) than people without CD-associated disease (157.6), suggesting that celiac does negatively impact patients’ well-being (18). As the CDQ was developed for the German population, performing cultural adaptation as well as translation and validation of the tool to other countries is strongly recommended to minimize bias in QOL assessment and, consequently, data interpretation. In addition, since the original version of CQD is designed for on-paper applications, adapting to a web-based version is interesting for online applications.

The CD populations that presented the highest and lowest CDQ scores were Italian (159 score) (26) and Portuguese (103 score) (53). As the instrument has been applied only once in Portugal, it is not possible to compare the QOL scores over time. However, as the data was collected during COVID-19 pandemic, it could have negatively interfered with the score, especially over the social domain punctuation (53). However, as discussed by the Portuguese study, isolation can have a positive effect on GFD adherence, and it can be analyzed in Brazilian scores (53).

Brazil´s first assessment of celiac QOL was in 2018 and obtained a 119.79 (21) and the second CDQ application took place during COVID-19 and found a 125.26 score (45). Authors associate the improvement in celiac well-being in the pandemic period to the reduced social interactions involving gluten-containing food, which have negative repercussions in social and emotional domains, as well as the increase of home meal preparation that is a protective factor to GFD adherence, impacting positively in the emotional, social, worries and symptoms scales 383838.

Regarding the psychometric quality and quantitative parameters, the Cronbach’s alpha for the CDQ domains ranged from 0.80 to 0.91, as instruments are viable when Cronbach’s alpha is higher than 0.7 (18). All adaptations of the questionnaire presented over 0.7 values of Cronbach’s alpha. Therefore, the CDQ is a valid instrument to measure QOL of celiac patients that contemplates HRQOL dimensions.





Celiac disease specific quality of life instrument

The CD-QOL is a quantitative, self-administered questionnaire of 20 items distributed across four subscales: limitations, dysphoria, health concerns, and inadequate treatment (19). Researchers sought to capture in the instrument how patients perceive changes in their daily lives after diagnosis by consulting a celiac support group for input during the focus group stage (19). The answers to each item are allocated into a 5-point Likert Scale response, ranging from “not at all” to “a great deal”.

Each subscale is associated with factors that can negatively impact the QOL of individuals with CD. The first factor is called limitations and refers to the feeling of facing difficulties in belonging to or being part of routine events, such as eating with coworkers, not being able to eat conventional foods on important occasions (e.g., birthday cake) or struggling to take long trips due to CD and GFD (19). The second factor is dysphoria and is associated with a feeling of emotional dissatisfaction or discomfort due to the CD, the items in this category question if the participant feels depressed, frightened, or overwhelmed about having CD; it also inquires If the person believes not to have enough knowledge about CD (19). The third subscale, health concerns, is based on items of concern of increased risk of stigma due to the disease (19). The last category is inadequate treatment and it´s items inquire if patients feel like the GFD is sufficient treatment for CD (19).

It is noticeable that the CD-QOL approach focuses more on the individuals’ perceptions of external elements and challenges related to adhering to a gluten-free lifestyle rather than on gastrointestinal or extra gastrointestinal symptoms affecting the quality of life, from an urge to use the bathroom to sexual activities. The main difference between the CDQ and the CD-QOL instruments is that the first focuses on repercussions of the CD in physiological repercussions, psychological symptoms, and impact in daily activities (e.g., work, leisure, etc.); whereas the second targets attitudes and perceptions of the celiac population in routine events such as socializing. The CD-QOL does not include any item to measure the physical impact of CD since the individuals in its population, which included American celiac support group members, did not emphasize symptoms as a struggle, which could be a characteristic of the USA population or public policies. That highlights the need to perform a cultural adaptation and validation of the questionnaire when assessing the QOL of people with CD. The questionnaire was applied in 17 papers (39,53%) of 9 countries and applied in 8 nations (38.09% of all countries included in this review).

The original version of CD-QOL was utilized in the USA (19, 31, 33, 34), Canada (35), Brazil (5). Cultural adaptation and validation were conducted in Italy (25), Spain (20, 27, 32, 41, 42, 59), and Iran (49); the CD-QOL was also adapted to the Netherlands (39), but it was not applied to the population, it was used to develop new questionnaires. The Spanish version of the instrument (27) was applied to the Spanish-speaking countries of Paraguay (60) and Chile (48); however, it was not adapted to South American specificities. It´s possible to suggest that all four subscales of the CD-QOL are susceptible to changes due to regional influences in the exposome and public policies such as regulations for specialized health service support to people with CD, therefore the cultural adaptation is recommended even for countries with same mother language (55).





CeliacQ-27 and CeliacQ-7

The CeliacQ-27 and CeliacQ-7 aim to evaluate CD HRQOL. It was developed and validated in Dutch, considering the cross-cultural adaptation of the CD-QOL to the Netherlands (19, 39). These questionnaires offer a unique approach by comparing different phases of CD, including active/clinical remission periods as well as instances where individuals may deviate from their gluten-free diet.

The CeliacQ-27 consists of 27 questions categorized into three domains: limitations (11 items), worries (10 items), and impact on daily life (6 items) (39). The limitations domain is related to patients’ perceptions of daily life restrictions because of the CD or GFD. The worries domain questions about mental and general challenges associated with CD (39). The third domain, impact on daily life, comprises questions about the social influences of the CD and GFD (39). Higher scores in de CeliacQ27 equal better QOL. The internal consistency of the questionnaire domains ranged from Chronbach´s α of 0.87 and 0.92, demonstrating good to excellent reliability (39).

Its shorter version contained only seven questions (CeliacQ-7) and was created by excluding all items with loads <0.70 Chronbach´s α in the Dutch version of the CD-QOL (39). The final version obtained a 0.88 Chronbach´s α and a high correlation with the CeliacQ-27 (39).

Since the CeliacQ-27 and the CeliacQ-7 are both derived from the Danish version of the CD-QOL, the two do not include questions to assess the repercussions of the physical symptoms associated with CD in patients’ well-being (39). However, introducing a condensed questionnaire could increase participation rates in surveys and be an interesting tool for ambulatory assistance and follow-ups, especially for patients who have been following a GFD.





Coeliac disease assessment questionnaire

The Coeliac Disease Assessment Questionnaire (CDAQ) was developed in two stages in 2018 (36, 37). The premise for developing this instrument was that the questionnaires available at the time were constructed without considering patient-reported outcome measures (PROM), which consider patients’ point of view, not necessarily measured by biological markers or associated with clinical outcomes (61).

In the first phase of development, qualitative interviews were conducted and analyzed through a data framework, which revealed six common themes reported by the participants: symptoms, gluten-free diet, emotional health, impact on activities, relationships, and financial issues (36). In the first phase, 64 items were present in the instrument (36). The subsequent phase was centered on the item reduction of the first version of the instrument; in this sense, items were refined through item appraisal, expert review, cognitive interviews and translatability assessment (37).

The resultant instrument comprises 32 items in five domains: stigma, dietary burden, symptoms, social isolation and worries, and concerns (37). Concerning its psychometric quality and quantitative parameters, this instrument presented Cronbach’s alpha between 0.82 and 0.88 for all domains. These values demonstrate the viability of the instrument, since an instrument of this type is considered viable when its Cronbach’s alpha is higher than 0.7 (62). Another highlight regarding CDAQ’s quantitative parameters is related to its strong intraclass correlation (0.86) with SF-36’s domains, the Short Form Health Survey developed by the World Health Organization (WHO) (37).

Regarding its application, the questionnaire is structured on a five-point Likert scale (never, rarely, sometimes, often and always), which is later converted into a scale of 0-100, with 100 being the highest quality of life (QOL) (37). Two studies (4.65%) included in this review used this instrument, one being the pilot study developed by Crocker et al. (2018) (36) in the United Kingdom and another carried out through a telephone survey in the same region in 2020 (44).

In a study of 276 people (166; 61.9% women and 110; 38.1% men), the results revealed an average quality of life score of 53.6 on the instrument´s proposed 0-100 scale (37). Significant differences (p <0.05) were found between the two groups, with male participants showing a higher overall quality of life (60.91) compared to women (49.18). However, potential reasons for this difference were not explored by the authors (37).

The other study that used the CDAQ as an instrument to assess the QOL with CD evaluated the effectiveness of telephone monitoring in improving the QOL of this population, evaluating, in addition to the quality of life, adherence to a GFD (44). The results demonstrated that although the intervention was effective in improving adherence to the gluten-free diet, quality of life parameters did not differ significantly between the treated and control groups, with emphasis on assessments in the “dietary burden” domain, which assesses the difficulty of diet be followed (44).

Based on its quantitative parameters, the CDAQ is an appropriate instrument for assessing the QOL in patients with CD. However, the low application of this questionnaire in studies outside the UK stands out, in addition to the fact that, to date, studies regarding the translation of this instrument into other languages ​​have not been carried out. A possible hypothesis is that the instrument is relatively new (2018) compared to other instruments already developed and applied in different countries, such as the CDQ, which was developed in 2006 (15, 37).





Coeliac disease quality of life questionnaire

The CDQL consists of a 44-item questionnaire developed in 2017 for CD patients of all ages and applied in one of the studies contemplated in this review (n=1, 2,32%) (11). It was designed in Ireland and Denmark and occurred in three phases: focus groups to collect celiacs’ insights and important aspects of QOL that should be in the final questionnaire; CD patients responded to the pilot version of the CDQL; refinement of the final version of the CDQL and application to Danish participants (11).

The final version of the instrument was web-based and estimated to take 5-10 minutes to complete (11). It included twelve items about background information, covering demographic characteristics and diagnosis data; two generic QOL questions; and 30 CD specific questions attributed to ten scales, the first two being general and followed by eight CD specific categories (11). The CDQL evaluates specific CD scales including: worries-about-symptoms (1 general item with thirteen alternatives); symptoms (1 general item with thirteen alternatives); contacting health care (3 items); having coeliac disease and following a gluten-free diet (7 items); communicating about coeliac disease and gluten-free diet (4 items); others´ handling my coeliac disease (3 items); confronting gluten-containing food (4 items); knowing about coeliac disease and gluten-free food (3 items); gluten-free food supply (3 items); evaluating having coeliac disease in overall (3 items) (11).

For scoring procedures, items are evaluated through a 5-point Likert scale, alternating among ´very unwell´, ´unwell´, ´neutral´, ´well´ or ´very well´. All response choices were followed by a smiley communicating the analogous emotion (11). The final score was calculated using the average score of each scale, higher results on the Likert scale indicate better QOL (11).

Though the CDQL was developed for children, adolescents and adults, the focus group step included only a few adults, which poses a limiting factor despite the items being formulated in a non-age-restricted way (11). On the other hand, this instrument presents the opportunity to evaluate patient reported HRQOL across different ages using a unique questionnaire (11). As far as we know, the CDQL has not been reapplied or translated/adapted culturally to any other country. Further studies are necessary to corroborate the pilot study results and their applicability to all age segments.





Self-developed questionnaire (Black and Orfila)

One of the studies included in this review (2.32%) aimed to analyze the quality of life of participants in an observational cohort conducted in 2011 with 146 CD patients who were members of the Coeliac UK Charity (24). However, in addition to the fact that this study did not use an instrument created and validated by other authors, it also included a food frequency questionnaire, seeking to relate the quality of life with the participants’ dietary habits (24).

In this sense, the authors developed a questionnaire composed of 32 questions, of which 10 are related to demographic variables, 10 to dietary habits (including availability of gluten-free foods and accidental ingestion of gluten due to cross-contamination) and 12 questions related to quality of life (24). It is important to highlight that although the questionnaire developed by the authors is not validated, such questions were derived from previously validated questionnaires, such as the Canadian Celiac Health Survey and the EPIC-norfolk food frequency questionnaire (63, 64).

It´s structured on a Likert scale, with five points: all of the time, most of the time, some of the time and never (24). Furthermore, the results were interpreted based only on the frequencies of answers on each point, with no corresponding scale to assess the quality of life (24).

As a main result, the cohort study demonstrated that CD impacts participants’ daily habits; however, most participants reported good physical health (24). Also, 97% of the participants reported good dietary compliance, with results supported by the food frequency questionnaire (24). Regarding the critical situations that affect the quality of life of these people, anxiety and depression related to social isolation resulting from dietary restriction and pain resulting from both intentional and unintentional gluten ingestion have been reported (24).

As the main limitation of this instrument, it is important to highlight that given the fact that it has not been validated or culturally adapted, the results from this study cannot be extrapolated to other populations with celiac disease. Also, no statistical assessment of the psychometric constructs of the items and sections was performed.






Domains of the included instruments

As presented in Figure 4, CD symptoms are explicitly described only in the domains of the CDQ (17) and CDAQ (37). However, while the CDQ domain related to symptoms only presents questions regarding bowel movements, diarrhea, gas, bloating and abdominal cramps, CDAQ includes symptoms related to mental health, such as tiredness, exhaustion, limitation of daily activities and general pain (36, 37).

Yet, issues regarding the same symptoms are also assessed in the instrument developed by Black and Orfila (24); however, under both domains of Dietary Habits and QOL and Diet-related issues. In the CDQ (17) instrument, such constructs are assessed under the “emotional issues” domain and in Celiac Q27 and Celiac Q7 in the Impact of Daily Life domain (39).

The “worries” domain is present in the CDQ (17), Celiac Q7 and Q27, CD-QOL (19) and CDAQ (36, 37) instruments. However, different scales relate to which spheres of life such worries refer. While in Celiac Q7 and 27 (39) such worries include conditions that relate to problems such as food availability outside the household, social interactions, and unpredictable bowel movements, in other questionnaires such as the CDAQ (36, 37), CDQ (17), and CD-QOL (19) such conditions are better stratified into other specific domains such as “Dietary Burden”, and “Social Problems”. In the CDAQ instrument, the concern regarding the availability of safe gluten-free food is measured in questions from the “dietary burden” domain (36, 37).

The domain entitled “Limitations” is found in the Celiac Q27 575757, Celiac Q7 (39) and CD-QOL (19) instruments. In both CeliacQ27 and Celiac Q7, questions assigned under this domain regard quotidian challenges present in patients’ lives, such as persistent symptoms, changes in the composition of foods previously labeled as “gluten-free” and situations regarding social acceptance while coexisting with celiac disease (39). In the context of CD-QOL (19), similar questions are present in the limitations´ domain, thus showing similarities between those three instruments.

However, questions regarding similar situations before addressed in the “Limitations” domain in CD-QOL (19), Celiac Q27 and Celiac Q7 (39) are also present in other instruments, for example, in “Dietary Related Issues” domain in the instrument created by Black and Orfila (24), “Disease related worries” (CDQ (17)) and “Social isolation” (CDAQ (36, 37),.

It is important to highlight that evaluating domains is challenging, given the semantic obstacles related to the proposed construct to be evaluated by different instruments (65). Furthermore, given the context that most instruments undergo translation and cultural validation, possible changes in the meaning of the constructs may occur (66, 67). Such differences make it difficult to compare the effectiveness of different instruments which, despite being individually statistically validated, may not be possible to be applied together given the differences between the literal meanings of the domains present (65–67).

The assessment of QOL in individuals with CD plays a crucial role in gaining insight into the well-being and impact of the disease. To effectively measure QoL, researchers have developed and validated various questionnaires that consider the unique experiences and management strategies associated with CD. Notably, two questionnaires stood out, the CDQ and the CD-QOL. Since the first focuses on the physical and mental symptoms related to the disease and the second focuses on the emotional repercussions of adhering to the GFD treatment for life (dysphoria), the CDQ application is an interesting option for countries that struggle with public policies for CD patients and patients with active CD; whereas the CD-QOL could be used for countries that have GF and CD regulations and populations in remission. When comparing results among different populations, it is preferable to utilize culturally validated instruments, which have been applied across multiple countries, providing greater comparability between study findings.
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Background

Exposure to antigens is crucial for child immune system development, aiding disease prevention and promoting infant health. Some common food antigen proteins are found in human breast milk. However, it is unclear whether gluten antigens linked to celiac disease (CD) are transmitted through breast milk, potentially impacting the development of the infant’s immune system.





Objective

This study aimed to analyze the passage of gluten immunogenic peptides (GIP) into human breast milk. We evaluated the dynamics of GIP secretion after lactating mothers adopted a controlled gluten-rich diet.





Methods

We prospectively enrolled 96 non-CD and 23 CD lactating mothers, assessing total proteins and casein in breast milk, and GIP levels in breast milk and urine. Subsequently, a longitudinal study was conducted in a subgroup of 12 non-CD lactating mothers who adopted a controlled gluten-rich diet. GIP levels in breast milk and urine samples were assayed by multiple sample collections over 96 hours.





Results

Analysis of a single sample revealed that 24% of non-CD lactating mothers on a regular unrestricted diet tested positive for GIP in breast milk, and 90% tested positive in urine, with significantly lower concentrations in breast milk. Nevertheless, on a controlled gluten-rich diet and the collection of multiple samples, GIP were detected in 75% and 100% of non-CD participants in breast milk and urine, respectively. The transfer dynamics in breast milk samples were long-enduring and GIP secretion persisted from 0 to 72 h. In contrast, GIP secretion in urine samples was limited to the first 24 h, with inter-individual variations. In the cohort of CD mothers, 82.6% and 87% tested negative for GIP in breast milk and urine, respectively.





Conclusions

This study definitively established the presence of GIP in breast milk, with substantial inter-individual variations in secretion dynamics. Our findings provide insights into distinct GIP kinetics observed in sequentially collected breast milk and urine samples, suggesting differential gluten metabolism patterns depending on the organ or system involved. Future research is essential to understand whether GIP functions as sensitizing or tolerogenic agents in the immune system of breastfed infants.
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1 Introduction

Celiac disease (CD) is a systemic disorders triggered by exposure to dietary gluten in genetically predisposed individuals (1, 2). It is a common disease that can affect individuals of all ages and is characterized by a wide spectrum of clinical manifestations. The symptoms include abdominal pain, bloating, nausea, vomiting, and/or diarrhea. Additionally, extra-intestinal manifestations can occur, such as blistering skin rashes, ataxia, bone disease, and issues in the reproductive and endocrine systems, among others (3).

The diagnostic rate for this pathology has increased over the last 10 years (4). Worldwide epidemiological data show that CD is ubiquitous, with a prevalence of 1.4% (5), and is higher in females than in males (4–8). The increase in this prevalence may, in part, be attributed to improved recognition and testing of the disease. However, there may also be a real increase in the incidence of this immune disorder, related to environmental factors that promote a loss of tolerance to dietary gluten (9). Breastfeeding and the timing of gluten introduction have been particularly considered influential factors (10). Nevertheless, the available evidence regarding the relationship between CD and breast milk remains inconclusive. Extended breastfeeding and, notably, breastfeeding at the time of gluten introduction seem to decrease the risk of developing CD or at least postpone its onset (11, 12). However, conflicting findings persist, as some studies have been unable to establish breastfeeding as protective against the development of CD (13–15).

Breastfeeding significantly influences the composition of the intestinal microbiota in the infant and offers substantial potential to prevent allergic diseases (16, 17). The study of breast milk composition is crucial not only for understanding the nutritional requirements of infants, but also for evaluating its impact on neurodevelopment, immune system maturation, and gut development, among others (18). Additionally, breastfeeding plays a dual role in promoting tolerance through the presence of immunomodulatory substances and facilitating antigen transfer. The presence of food antigens in breast milk is a significant source of early oral exposure that is critical for establishing and reinforcing oral tolerance (19).

Common food antigens found in human breast milk include proteins derived from egg (ovalbumin) (20), cow milk (casein and beta-lactoglobulin) (21), and peanuts (arah h1 and arah h2) (22, 23). The frequency and concentration of these dietary proteins in breast milk vary widely among women, with approximately 50% excreting them at concentrations ranging from 0.1 to over 1000 ng/ml (24–26). However, the presence of certain proteins/peptides including gluten remains unclear (27, 28). Gluten proteins have unique properties compared to other dietary proteins. In particular, they contain high proportions of glutamine and proline residues, making them resistant to degradation by gastrointestinal proteases. Consequently, relatively long gluten peptides with intact immunotoxic epitopes accumulate in the lumen of the small intestine and cross the epithelial barrier, ultimately entering the systemic circulation (29–31). This raises the possibility of their subsequent secretion through the mammary glands into breast milk. Therefore, the possible presence of gluten peptides in breast milk could promote oral tolerance or sensitivity to gluten in breastfed infants.

Our research group is a pioneer in detecting and analyzing gluten in human samples. In particular, monoclonal antibodies (moAbs) have been used to develop immunoassays for the sensitive and specific detection of the gluten immunogenic peptides (GIP). These assays have enabled to measure GIP concentrations in human samples, including feces and urine, confirming their absorption into the bloodstream (32–36). Given their resistance to gastrointestinal digestion, GIP play a key role in triggering immunogenic responses within T cells of individuals diagnosed with CD. However, to date, there have been no studies that confirm the existence of gluten peptides in breast milk and if they are immunogenic. On this basis, the aim of this study is to understand the transfer and secretion dynamics of GIP in breast milk. Initially, we carried out a cross-sectional study to analyze the GIP in breast milk samples within a cohort of mothers with and without CD and assessed total protein and caseins secretion. Secondly, we conducted an exploratory longitudinal clinical study to elucidate the differential kinetics of GIP secretion in human milk and urine by examining non-CD mothers after a controlled gluten-rich diet.




2 Materials and methods



2.1 Study design and participants



2.1.1 Cross-sectional study

This cross-sectional study was conducted between September 2020 and September 2023, and included lactating mothers with and without CD. Potential volunteers were invited to participate via the following official notification: Centro de Salud Amante Laffón (Sevilla, Spain), Federación de Asociaciones de Celíacos de España (FACE), Asociación Provincial de Celíacos de Sevilla (Asprocese) and social networks (https://celiacos.org/la-universidad-de-sevilla-estudia-la-presencia-de-peptidos-del-gluten-en-la-leche-materna/).

A questionnaire was administered to assess the gestational age of the children at delivery and during sample collection process. Furthermore, mothers with CD were asked about the date of CD diagnosis, results of the last duodenal biopsy study, and serum CD antibodies. The inclusion criteria for the cohort of non-CD mothers were as follows: (1) over 18 years of age; (2) regular gluten consumption; and (3) no prior diagnosis of CD, non-CD gluten sensitivity, food allergies, food intolerances, or other gastrointestinal diseases. The inclusion criteria for the cohort of mothers with CD were as follows: (1) over 18 years of age; (2) breastfeeding mothers previously diagnosed with CD, and (3) all volunteers had followed a gluten-free diet (GFD) for at least 2 years prior to enrolling in the study. The exclusion criteria were as follows: (1) participants with associated pathologies or severe psychiatric diseases; and (2) participants who did not collect the samples properly.

This study was conducted in accordance with the principles of the Declaration of Helsinki. The study protocol was approved by the regional research ethics committee (ID/Numbers: 0364-N-20, Comunidad Autónoma de Andalucía, Spain), and written informed consent was obtained from all participants.

Detailed instructions were provided to all participants at the beginning of the study. Breast milk and urine samples were consecutively collected from each participant. The parameters analyzed were total protein, casein and GIP level in breast milk, and GIP level in urine.




2.1.2 Longitudinal study

A longitudinal study was conducted in a selected subgroup of non-CD mothers who were instructed to complete a two-phase study: (1) an initial 3-day phase with a controlled gluten-rich diet and (2) a second 5-day phase with a strict GFD. During this study, participants were provided with a menu planning with foods rich in gluten (pizza, sandwich, wheat pancakes, pasta, croutons, lasagna, etc.) for the first period, and menus with gluten-free (unprocessed or minimally processed) foods for the second phase (Supplementary Figure S1). All volunteers collected consecutive urine and milk samples at 0 h during the controlled gluten-rich diet and at 3, 6, 24, 48, 72, and 96 h after the start of the GFD (Figure 1).




Figure 1 | Characteristics of the participants and design of the longitudinal study. (A) Characteristics of the participants included (B) Study design for the determination of the kinetics of GIP secretion in breast milk and urine. aData of continuous variables are expressed as mean and standard error (SE) (in brackets), and data of categorical variables are expressed as absolute numbers and percentage (in brackets). bCollection of breast milk and urine samples after breakfast with gluten. CD, celiac disease; GFD, gluten-free diet.







2.2 Milk and urine collection

The participants were instructed to collect 10 mL of mature milk and 5 mL of urine in a sealed sterile container. Mothers expressed the milk samples manually or by pump and immediately froze the milk and urine sample at −20°C until collected by the researchers. Once in the laboratory, the samples were homogenized, and after aliquoting, they were stored at −20°C. To optimize the milk protocol, the following were used: 1) whole breast milk samples, and 2) whey samples obtained by centrifuging an aliquot of the milk sample for 5 min at 8000 x g (removal of fat content and cellular elements that could interfere with immunoassays). To ensure temporal coherence and minimize potential data variations, milk and urine samples were collected consecutively over time.




2.3 Total protein concentration

The protein concentration in the whole milk and whey was quantified using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc. Waltham, Massachusetts, USA) adapted to microplates. Briefly, 25 μL of milk/whey or standard diluted was added to 96-well plates in duplicate. After covering the plates and incubating at 37°C for 30 minutes, optical densities were read at 562 nm in the Multiskan Sky Reader (Thermo Fisher Scientific Inc. Waltham, Massachusetts, USA). Each sample was participants to duplicate analyses on different dates.




2.4 Casein concentration

The casein concentration in breast milk samples was measured by sandwich-type enzyme-linked immunosorbent assay (ELISA) using the AlerTox ELISA Casein Kits (AlerTox ELISA, Hygiena Diagnostic España S.L., Seville, Spain), following the manufacturer’s guidelines with minor modifications. Briefly, breast milk samples were incubated for 15 min at 60°C with gentle agitation in extraction buffer and centrifuged. ELISA was performed using a microtiter plate and standards previously diluted 1:100. The samples were then incubated with a casein-conjugated antibody for 20 min. The TMB casein substrate solution was then added. Color development was stopped with a stop solution of casein, and absorbance at 450 nm was measured using a Multiskan Sky Reader microplate reader (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). A minimum of two separate aliquots from each sample were examined on different days.




2.5 Determination of GIP in milk and urine samples

GIP in milk and urine were measured using a lateral flow immunoassay (LFIA) (iVYCHECK GIP Urine kit based on G12 and A1 moAbs, Biomedal S.L., Seville, Spain) following the manufacturer’s recommendations. Samples were homogenized and mixed with a conditioning solution. Thereafter, 100 µL of the mixture was added to the immunochromatographic cassette and visual interpretation of the results was carried out after 30 min. The limit of detection (LoD) was established through visual examination (2.25 ng GIP/mL), and the measuring range was 3.12–25 ng GIP/mL that was determined using the iVYCHECK Reader (Biomedal S.L.). Each sample was run in duplicate, and at least two different aliquots of each sample were tested on different days.




2.6 Statistical analysis

The results of the quantitative variables were expressed using the median and interquartile range (IQR), and those of the qualitative variables were expressed as percentages. The goodness-of-fit to normality was calculated using the Shapiro–Wilk test.

The Mann–Whitney U test was used to compare quantitative variables in independent groups, and the Wilcoxon signed-rank test was used to compare quantitative variables in dependent groups. The McNemar test was used to compare qualitative variables within dependent groups. For all the cases, P < 0.05 was considered statistically significant. The data analysis was performed using SPSS 26.0 software for Windows (SPSS Inc.).





3 Results



3.1 Participants

We recruited 96 non-CD lactating mothers taking a normal unrestricted diet with a median age of 35 (IQR: 32–37) and 23 CD lactating mothers under long-term GFD with a median age of 35 (IQR: 31–37). In non-CD mothers, the mode of delivery of the fetus was: 81% (78/96) vaginal and, 17% (16/96) cesarean. For CD mothers, the mode of delivery of the fetus was: 17% (4/23) vaginal and, 4% (1/23) cesarean. The gestational age, 40 (IQR: 39–40) weeks, was similar in both cohorts. However, the median of the baby´s age was 2 (IQR:1–5) months in non-CD mothers and 8 (IQR: 4–20) months in CD-mothers. The demographic and clinical characteristics are summarized in Table 1.


Table 1 | Characteristics of the lactating mothers included in the study.






3.2 Cross-sectional study

As this was a non-interventional study, and neither the amount of fluid ingested, nor the feeding pattern of the lactating mothers was modified. Additionally, urine and breast milk samples were collected only once.



3.2.1 Determination of total protein and casein in breast milk

To evaluate whether differences in the diets of non-CD and CD mothers could affect the protein content of their breast milk, we analyzed protein concentrations before and after whey separation. The protein concentration was higher in whole milk than in whey in both cohorts (Wilcoxon test, P<0.001) (Figure 2A). In CD mothers, the median was 9.7 (IQR= 9.1–12.8) and 9 mg/mL (IQR =8–11) for whole breast milk and whey samples, respectively, while in non-CD mothers was 10.7 (IQR= 9.7–12) and 9.8 mg/mL (IQR=8.6–11.6). Protein levels values were similar between the study cohorts, with no significant differences (Mann–Whitney U test, P=0.273).




Figure 2 | Total proteins and bovine caseins in breast milk. (A) Total protein content (mg/mL) in breast milk and whey (milk serum) of non-CD and CD mothers; (B) percentage of non-CD and CD mothers with casein in breast milk; (C) casein concentration in non-CD and CD mothers. Differences between groups were tested with a Wilcoxon signed-rank test in dependent groups and Mann–Whitney U test in independent groups. CD, celiac disease; LoQ, limit of quantification; ND, not detectable.



Bovine casein is one of the non-human proteins most frequently found in human breast milk (21, 37, 38). In this study, casein was detected in 78.15% of the samples (93/119) (Figure 2B), specifically 65% (16/23) in the cohort of CD mothers and 79% (76/96) in non-CD mothers (median 62.5 ng/mL; IQR 50–76 and median 60.7 ng/mL; IQR 52.2–73.4, respectively). As expected, the results showed no significant differences between the bovine casein values of the control and CD mothers (Mann–Whitney U test, P=0.797) (Figure 2C).




3.2.2 Determination of GIP in breast milk

We investigated the presence of gluten in breast milk by quantifying GIP using specific moAbs (G12/A1). In the cohort of non-CD mothers without gluten restriction in their diet, 24% (23/96) of breast milk samples contained detectable levels of GIP. There were no significant differences in the GIP levels of whole milk and whey for these mothers. Urine samples tested positive for GIP in 90% (86 out of 96) of volunteers within this cohort. The milk and urine samples were collected consecutively over time, and our findings revealed that the concentrations of GIP in the milk were significantly lower than those in the urine (average range according to the Mann–Whitney U test: 60.71 and 132.39, respectively) (P < 0.001) (Figure 3). However, 96% (22/23) of mothers who tested positive in breast milk also had a GIP positive result in urine.




Figure 3 | Detection and quantification of GIP in urine and breast milk of non-CD mothers and CD mothers. n = 96 (non-CD mothers), n = 23 (CD mothers). The data points include 2 values per volunteer. Differences in GIP levels in breast milk and urine between the 2 groups were tested with a Mann–Whitney U test. CD, celiac disease; GIP, gluten immunogenic peptides; LoD, limit of detection; LoQ, limit of quantification; ND, not detectable.



In the cohort of CD mothers, 82.6% (19/23) tested negative for GIP in breast milk. GIP were detected in only four breast milk samples and three urine samples from 23 participants, and only one of them showed significant GIP levels (> limit of quantification, LoQ) for both samples. No significant differences were found between the GIP values of the milk and urine samples (P > 0.05).

These results suggest the presence of GIP across both biological fluids, albeit at varying levels, underscoring the importance of comprehensive assessment methods in elucidating GIP dynamics in lactating mothers with CD.





3.3 Longitudinal study



3.3.1 Kinetics of GIP secretion in breast milk

A parallel longitudinal descriptive study was conducted using a subgroup of 12 volunteers from the cohort of non-CD mothers. This study aimed to elucidate GIP kinetics in breast milk after maternal ingestion of gluten. For this purpose, all volunteers were instructed to complete a two-phase study: phase 1 on a controlled gluten-rich diet, and phase 2 on a strict GFD. GIP levels were quantified in breast milk and urine samples taken at various time points, from 0 to 96 h after gluten ingestion and at the onset of the GFD. The study design and the characteristics of mothers are summarized in Figure 1.

The results were GIP positive in 75% (9/12) of the participants in breast milk samples and 100% (12/12) of the urine samples (Figure 4), considering at least one positive sample per participant. After adopting a gluten-rich diet (0 h), 54.5% (6/11) of the volunteers tested positive for GIP in their breast milk. At 3 and 6 h from the beginning of the GFD, GIP was detected in 33.3% (4/12) and 16.7% (2/12) of the volunteers, respectively. In addition, we found positive GIP in breast milk on the following hours: at 24, 48 and 72 h in 16.7% (2/12), 25% (3/12) and 8.3% (1/12) of the participants, respectively. The means GIP values detected in breast milk were similar between 0 and 48 h, however, significant differences were found after 72 h (P<0.05) (Figure 5A). No GIP was detected in breast milk after 72 h in the volunteers studied. However, the period of GIP excretion in urine after the start of GFD is limited to the first 24 h (100% of urine samples at 0h, 92% at 3 and 6 h, and 17% at 24 h) (Figure 5B).




Figure 4 | Kinetics of GIP secretion in breast milk and urine. Individual GIP excretion kinetics of 12 non-CD mothers on a GFD for over 96 h. The dashed orange lines correspond to breast milk samples, and blue lines represent urine samples. GFD, gluten-free diet; GIP, gluten immunogenic peptides; LoQ, limit of quantification; LoD, limit of detection.






Figure 5 | Comparison of GIP levels in breast milk and urine of 12 non-CD mothers on a GFD for over 96 h after gluten ingestion. (A) GIP secretion in breast milk; (B) GIP excretion in urine. Comparative analysis via the McNemar test of GIP levels before and after consumption of gluten. GIP, gluten immunogenic peptides; LoD, limit of detection.








4 Discussion

To our knowledge, this study represents the first instance of detecting immunogenic gluten peptides in breast milk samples. The presence of GIP in breast milk indicates that gluten is absorbed through the intestinal mucosa, enters the bloodstream, and is subsequently secreted by the mammary gland. The detection of measurable amounts of GIP in breast milk suggests that infants are exposed to gluten antigens before their introduction into the diet, which could potentially impact CD development and other gluten-related disorders.

Our findings reveal that the secretion of GIP in breast milk exhibits dynamic and fluctuating changes over time, likely influenced by various factors such as maternal diet, hormonal fluctuations, and the feeding patterns of the infant, among others. This dynamic nature underscores the inherent complexity involved in studying GIP in breast milk. Following a gluten-containing diet challenge and the collection of multiple breast milk samples (ensuring at least one positive sample from each participant), the percentage of GIP-positive participants was to 75%. The secretion kinetics extended from 0 to 72 hours after the gluten-containing diet challenge and the commencement of the GFD. It is important to note that a considerable degree of intra- and interindividual variation was observed in the secretion of GIP, as previously reported for other food antigens (39–42).

Chirdo et al. (28) detected undegraded gliadins in all milk samples analyzed from lactating mothers following a normal diet, using a polyclonal antibody. The concentrations of gliadins observed exceeded those reported in our study to immunogenic gluten peptides. These variations may be attributed to differences in the study populations, the identified epitopes, and the specificity of the antibodies. The polyclonal antibodies are produced from a mixture of different immune cells, and they may bind to unrelated proteins, causing cross-reactivity. This cross-reactivity can lead to false signals or interference in assays. In contrast, our study has the advantage of detecting GIP using G12 and A1 moAbs, known for their reactivity with tandem epitopes contained in the major immunogenic peptides associated with CD (36, 43).

As expected, in the cohort of mothers with CD on a GFD, the majority of the breast milk samples (82.6%, 19/23) tested negative for GIP. Only four breast milk samples tested positive for GIP. Although the mothers with CD in our study followed a GFD, the possibility of dietary lapses cannot rule out. A GFD is difficult to maintain, and adult patients with CD consume unsafe amounts of gluten on average (44–46). Therefore, these results may be attributed to possible transgressions in the GFD as no food intake control was implemented for mothers with CD.

Understanding how other proteins manifest in breast milk is fundamental it provides crucial insights into the composition of breast milk and its role in infant nutrition and development. In our study, no significant differences were detected in the total protein levels in breast milk between non-CD and CD mothers. Thus, our findings suggest that a GFD does not influence variations in the levels of this macronutrient in breast milk. These results agree with those of prior studies that have demonstrated a remarkable consistency in the macronutrient composition of breast milk across different populations despite potential variations in maternal nutritional status (47). With respect to food antigens, we also proved the transference of bovine casein into breast milk that represents one of the most commonly secreted non-human proteins (21). The levels of this protein in breast milk were in the ng/mL range, similar to those of GIP and other food antigens (48). No significant statistical differences in bovine casein levels were observed between the non-CD and CD cohorts. This result was expected, given that cow milk proteins are not only present in dairy products and their derivatives, but are also widely incorporated into a myriad of manufactured items such as bread, cold cuts, sausages, frozen fish, sweeteners, preserves, and medicines. Additionally, numerous additives used in the food industry are derived from milk (49).

The transfer of proteins from the maternal intestinal tract to the mammary gland is not yet well understood (24, 48, 50–52). Additionally, food proteins secreted into the breast milk appear at highly variable concentrations at different time points following exposure and in different forms, either as free proteins or as components of immune complexes (24). This makes it impossible to precisely predict the concentration at which food antigens/allergens will appear in breast milk and their impact on the immune response of the breast-fed children. For example, ovalbumin was detected in 68% of breast milk samples following egg ingestion, while beta-lactoglobulin was found in 62.5% of lactating women after consuming cow milk, exhibiting variable appearance and disappearance over a 15-hour sampling period. Another study observed the presence of beta-lactoglobulin in breast milk up to 7 days after oral intake of cow’s milk (37). Kinetic analysis of peanut protein transfer into breast milk revealed that 11 out of 23 mothers excreted peanut proteins, with 73% showing appearance within 1 hour of ingestion. In this work, in a cohort of non-CD mothers, taking a single sample of breast milk and urine consecutively over time, we have demonstrated that the percentage of GIP- positive milk samples was significantly lower as compared to urine samples. The detection of GIP in the urine of 90% of non-CD mothers implied that the vast majority of volunteers in this cohort consumed gluten; however, this gluten intake was not reflected in breast milk (with only 24% breast milk being GIP positive). To understand this differential excretion/secretion GIP pattern between urine and breast milk and the excretion kinetics of gluten peptides in breast milk we designed a two-phase longitudinal trial: phase 1 involved a gluten-rich diet by menu planning, and phase 2 enforced a strict GFD (Figure 1). We measured GIP levels in the breast milk at various time points, ranging from 0 to 96 h after gluten ingestion and at the commencement of a GFD. The period of GIP excretion in urine after initiating the GFD was confined to the initial 24 h, with 100% of the volunteers testing positive for GIP during this period. In contrast, the period of GIP secretion in breast milk was extended to 72 h, with 75% of volunteers showing positive GIP results. This result confirmed the differential kinetics of GIP in breast milk and urine samples collected sequentially.

Gluten proteins are initially digested by the enzymes in the mother’s intestinal tract. However, this digestion is often incomplete, leaving behind resistant peptides that can cross the intestinal barrier. It is probable that these peptides reach the mammary glands throughout the entire lactation process. We hypothesize that these peptides may undergo partial degradation before being secreted into the mammary glands, potentially extending the time of secretion. Consequently, the mammary gland could serve as a reservoir for certain proteins, including gluten. This speculation arises from observations that mothers who followed the same diet, with menu planning, exhibited fluctuating gluten secretion and interindividual differences.

In this longitudinal trial, the children were breastfed during the milk sample collection period, and this may limit the scope of our results. It should be noted that not all breast milk samples could be collected within the designated 0 to 96 h timeframe, and GIP could have been secreted in some uncollected milk samples. Pooled 24h milk samples are generally considered gold standards for collection; however, they are not possible if the mother wants to maintain normal breastfeeding behaviors (42). Furthermore, it is likely that the variations in the rate and concentration at which gluten is secreted into breast milk can be attributed to the complexity and content of meals consumed before or after gluten intake within our study group, and this could also contribute to the variations observed.

Our findings provide a conclusive demonstration of the presence of GIP in breast milk. Notable aspects of this study include the analysis of breast milk samples and the sequential analysis of urine samples using a specific assay designed for detecting GIP, coupled with the collection of multiple samples over several days. We now have the molecular tool to further investigate whether and how GIP are processed and secreted into breast milk. This investigation has raised important questions about the role that these proteins may play in the development of the immune system of infants, particularly considering that exposure to gluten in children occurs before the introduction of complementary feeding, as was previously understood. Therefore, future studies are necessary to know whether GIP act as sensitizing or tolerogenic agents in the immune system of breastfed babies.
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Introduction

Understanding intestinal permeability is paramount for elucidating gastrointestinal health and pathology. The size and nature of the molecule traversing the intestinal barrier offer crucial insights into various acute and chronic diseases, as well as the evolution of some conditions. This study aims to assess the urinary excretion kinetics of gluten immunogenic peptides (u-GIP), a unique class of dietary peptides detectable in urine, in volunteers under controlled dietary conditions. This evaluation should be compared to established probes like lactulose, a non-digestible disaccharide indicative of paracellular permeability, and mannitol, reflecting transcellular permeability.





Methods

Fifteen participants underwent simultaneous ingestion of standardized doses of gluten (10 g), lactulose (10 g), and mannitol (1 g) under fasting conditions for at least 8 hours pre-ingestion and during 6 hours post-ingestion period. Urine samples were collected over specified time intervals. Excretion patterns were analyzed, and correlations between the lactulose-to-mannitol ratio (LMR) and u-GIP parameters were assessed.





Results

The majority of u-GIP were detected within the first 12 hours post-ingestion. Analysis of the variability in cumulative excretion across two sample collection ranges demonstrated that lactulose and u-GIP exhibited similar onset and excretion dynamics, although GIP reached its maximum peak earlier than either lactulose or mannitol. Additionally, a moderate correlation was observed between the LMR and u-GIP parameters within the longest urine collection interval, indicating potential shared characteristics among permeability pathways. These findings suggest that extending urine collection beyond 6 hours may enhance data reliability.





Discussion

This study sheds light on the temporal dynamics of u-GIP in comparison to lactulose and mannitol, established probes for assessing intestinal permeability. The resemblance between u-GIP and lactulose excretion patterns aligns with the anticipated paracellular permeability pathway. The capacity to detect antigenic food protein fragments in urine opens novel avenues for studying protein metabolism and monitoring pathologies related to the digestive and intestinal systems.
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Introduction

The integrity of the epithelial barrier within the intestine is a crucial determinant of the pathogenesis of various gastrointestinal diseases. Assessing intestinal permeability is essential for elucidating the origin of symptom in undiagnosed patients, monitoring gastrointestinal disorders, and investigating the role of the intestine in multifarious diseases (1). Intestinal permeability enables a balanced exchange of fluids and solutes between the intestinal lumen and bloodstream, constituting a key characteristic of the protective barrier (2). Regulation of molecular passage occurs through transcellular absorption and paracellular absorption, mediated by tight junctions between intestinal epithelial cells (3). Gut barrier dysfunction has been associated not only with chronic gastrointestinal conditions like inflammatory bowel disease or irritable bowel syndrome, but also with metabolic disorders, alcoholic liver disease, chronic arthritis, and neuropsychiatric disorders (4). Generally, transport mechanisms in the intestinal mucosa allow the passage of amino acids, dipeptides, and tripeptides and limited quantities of larger peptides via transcytosis after binding to receptors on the intestinal membrane. These peptides pose a high risk of acting as antigens and consequently contributing to the development of food allergies and intolerance in the event of intestinal barrier dysfunction (5).

The investigation into gluten, a complex mixture of proteins called prolamins, present in wheat, barley, rye, oats, and their derivatives has been driven by its association with celiac disease. The incomplete digestion of gluten results in proline-rich, digestion-resistant immunogenic peptides. These peptides, hereafter referred to as GIP (gluten immunogenic peptides), can be detected in feces (6) and urine (7). The presence of GIP in the urine of healthy individuals after gluten consumption suggests they can cross the intestinal epithelium into the bloodstream, undergo filtration by the kidney, and ultimately be excreted in the urine (5). Given the size of detectable GIP, they are likely to traverse the paracellular pathway, which is compromised in individuals with increased intestinal permeability to large molecules. This renders them as a unique model for studying the absorption of biologically active macromolecules, that can be monitored at various metabolic stages using diverse methodologies (8).

The determination of intestinal permeability has long been a topic of debate in scientific circles. Established methodologies involve the oral administration of tracer molecules, such as labeled chromium-ethylenediaminetetraacetic acid (51Cr-labeled EDTA), or non-digestible sugars, such as lactulose (lac) and mannitol (man), followed by the analysis of urinary excretion. Although these tests have been utilized for decades, they suffer from drawbacks including time-intensive procedures, lack of standardization, inability for retrospective analysis, and limited validity due to uncertainties surrounding normal reference standards (9).

The lactulose/mannitol test, designed to discern paracellular and transcellular absorption dynamics, involves orally administering a solution containing lactulose, a disaccharide which cannot cross an intact epithelia, and mannitol, a monosaccharide capable of transcellular transport (10). After ingestion, the urinary excretion of lactulose and mannitol is quantified over a specified duration, with the resulting lactulose-to-mannitol ratio (LMR) serving as a surrogate marker of intestinal permeability (11). In conditions where intestinal permeability is increased, as is commonly observed in various gastrointestinal disorders, a higher LMR indicates increased transfer of substances across the intestinal suggesting compromised epithelial barrier integrity (12). Despite its widespread utilization, the lactulose/mannitol test has limitations. It measures the permeability of small sugar molecules that lack immunogenic activity, thus not allowing analysis of the ability of antigenic macromolecules to pass the epithelial barrier, which can cause and exacerbate underlying inflammatory conditions and autoimmune diseases. Additionally, lactulose has a low molecular weight, and the transfer of this substance through the intestinal barrier does not reflect the transfer of dietary proteins and the overall immune response (lactulose, 382 Da; mannitol, 182 Da; gliadin peptides, ~ 2000-4000 Da) (13). Moreover, establishing normative LMR thresholds for healthy and diseased states remains a subject of ongoing investigation, highlighting the need for further refinement and standardization within the realm of intestinal permeability assessment methodologies. Furthermore, researchers have explored the potential of various endogenous proteins such as lipopolysaccharide-binding protein or zonulin as biomarkers for intestinal permeability. However, consensus regarding their clinical utility has yet to be reached (4).

Multiple observations indicate that in conditions in which intestinal function/health is compromised, GIP are able to cross the intestinal epithelium more readily, likely due to increased permeability. Firstly, it has been observed that in celiac patients consuming equivalent gluten challenges, there was a variation in the amount of urinary GIP detected and those patients with the highest level of uGIP showed a greater degree of villus atrophy progression (unpublished results). Additionally, utilizing a specific peptidomics workflow using LC-MS, urine samples from celiac patients at diagnosis have shown up to four times higher number of gluten peptides compared to those from healthy volunteers (14). These preliminary findings suggest that quantifying GIP excreted in urine could serve as an indicator of intestinal permeability to immunogenic macromolecules. In this study, we investigated the kinetic and dynamic patterns of u-GIP excretion after simultaneous consumption of gluten, lactulose, and mannitol to explore pathways of epithelial barrier translocation and preliminarily assess its potential as a standard food antigen probe in intestinal permeability analysis.





Materials and methods




Study population

Fifteen healthy volunteers were included using the criteria: (1) age >18 years; (2) absence of diagnoses for CD, non-celiac gluten sensitivity, food allergies, food intolerances, or other gastrointestinal diseases; (3) willingness to adhere to a strict diet regimen; and (4) capability to collect daily urine samples. Exclusion criteria included: (1) presence of concurrent pathologies. Participants failing to collect samples correctly on at least 70% of occasions were not excluded during participant recruitment but were excluded during the analysis phase. The study was conducted according to the guidelines of the Declaration of Helsinki. All participants provided written informed consent, and the study received approval from the local ethics committee (n. 1308-N-23).





Study design

The study comprised two stages: a washout period and an intake/collection period (Figure 1). The washout period lasted for 32 hours (including a final 8 hours fasting period) during which volunteers adhered to a gluten-free diet and abstained from dairy and foods high in sorbitol and/or mannitol. Before ingestion, volunteers provide a urine sample to confirm the absence of target compounds. Gluten (10 g), lactulose (10 g), and mannitol (1 g) were ingested after a period of eight hours fasting. Participants fasted for the initial 4 hours post-ingestion, after which they commenced scheduled liquid intake (250 mL every 2 hours). At the 6-hours mark, participants began the prescribed diet. The study concluded 15 hours post-ingestion of the compounds.




Figure 1 | Study timeline showing the periods of fasting, gluten/lactulose/mannitol consumption, liquid consumption and sample collection.



Throughout the study, diet adherence and fluid intake were assessed using a food recall questionnaire, and participants recorded daily food consumption details. A schematic of the study timeline is illustrated in Figure 1.





Compounds administration

The compounds comprised 10 g of gluten powder (Aurora Intelligent Nutrition, Sevilla, Spain), an oral solution sachet of lactulose (Duphalac™, Abbott Laboratories, S.A., Madrid, Spain), and 1 g of mannitol (Acofarma, Madrid, Spain). For mannitol intake, 50 mL of water was added to the tube and ingested after shaking.

To administer the gluten intake, a portion of the content was suspended in 125 mL of water, post-ingestion, an additional 125 mL of water was added to ensure complete suspension of the remaining powder.





Urine collection

Comprehensive instructions were provided to all participants at the study’s commencement. Subjects were equipped with all necessary materials for urine collection, including plastic screw-capped containers, labels, cool bags, isothermal boxes, and cool packs. Participants were instructed to collect the entire urine sample from each micturition, noting the date and time of collection. All urine samples were preserved in isothermal boxes with cool packs at 4–8°C and deposited within 48 hours of collection. Samples were then frozen at -20°C until processing. GIP concentration in urine remained stable throughout the freeze-thaw process.





Urine analysis

The volume of each urine sample was recorded, and when multiple containers were required for the same urination, they were mixed and homogenized. Additionally, some mixed samples were analyzed at intervals of 0–6-hours and 2–15-hours. To create these mixtures, 10% of the volume of each container was utilized. To prevent bacterial growth, 100 µL of 1% chlorhexidine diacetate was added. Aliquots of 1 mL were done and stored at -20°C until analysis.




u-GIP analysis

Qualitative analysis of GIP in urine was conducted using a lateral flow immunoassay (LFIA) with iVYCHECK GIP Urine (Biomedal S.L., Seville, Spain), following the manufacturer’s guidelines. Thawed urine samples were homogenized and mixed with a conditioning solution. Subsequently, 100 µL of the mixture was added to the immunochromatographic cassette, and visual interpretation of results occurred after 30 minutes. A positive outcome was determined if the test line exhibited a red color accompanied by a green color on the control line. A negative result was confirmed when only the control line displayed a green color. The Limit of Detection (LoD) determined by visual inspection was 2.50 ng GIP/mL urine. GIP concentration in urine was also assessed on the immunochromatographic strips using the iVYCHECK Reader (Biomedal S.L., Seville, Spain). Reader calibration was performed before urine analysis using the α-gliadin 33-mer peptide as a standard. The measuring range established for this method was 3.12–25 ng GIP/mL urine. Results were expressed as ng GIP per mL of urine. Each sample underwent duplicate runs, and at least two aliquots of each sample were tested.





Lactulose/Mannitol analysis

The determination of lactulose and mannitol analytes was conducted using a method developed and validated by LC-MS/MS, with a linear range from of 10–1200 mg/L. The LC-MS/MS system comprised an HPLC coupled a triple quadrupole mass spectrometer (QSight 220, Perkin Elmer™, Waltham, Massachusetts, USA), equipped with an electrospray ion source.

HPLC separation was performed using a 100 x 2.1 mm, Hypercarb™ column (Thermo Scientific, Waltham, Massachusetts, USA), operating at a flow rate of 0.25 mL/min. Elution was carried out with a 25-minute linear gradient from 1 to 4% acetonitrile in water containing 0.1% formic acid, with the oven temperature set at 11°C. The injection volume was 5 µL, and the total analysis time was 27 minutes.

Multiple Reaction Monitoring (MRM) was employed, with parent and fragments ions monitored at Q1 and Q3, respectively. Optimization of parent and daughter ions, along with collision voltages, was conducted through experiments where pure standards were infused into the mass spectrometer in the mobile phase. The ESI source operated in the negative mode with the following mass parameters: Drying Gas, 120 (arbitrary units); Hot-Surface Induced Desolvation (HSID) Temperature, 250°C; Nebulizer gas, 350 (arbitrary units); Electrospray voltage, -5500 V; and Source Temperature, 300°C.

Aliquots were thawed and agitated for one minute using a vortex mixer. Subsequently, they were centrifuged for 5 minutes at 5000 g to remove sediments. Fifty microliters of the supernatant were collected and brought to a final volume of 1 mL with water. After shaking, the same dilution was repeated, with an additional 50 µL of internal standard (2 mg/mL melezitose) added. The final dilution was 1:400 (v/v).






Statistical analysis

Quantitative variables results are presented using both the mean (SD) and median (IQR or range), while categorical variables are expressed as absolute (N) and cumulative (%) frequencies. The LMR values were then multiplied by 100. Interquartile tests were performed using RStudio (Version 2022.02.3 + 492, RStudio, Inc., Boston, MA, USA), and correlation tests were conducted using Microsoft Excel (Version 2401, Microsoft Corporation, Redmond, WA, USA).






Results




Participants and samples

Fifteen individuals, comprising 12 (80%) females and three (20%) males, completed the study. The median age of participants was 35 years (IQR 29–41). None of the participants had been diagnosed with any relevant diseases. Based on exhaustive food recall data, including specific brands and detailed consumption information, all participants adherent to the prescribed diet and consumed the provided compounds.





Urine analysis

Throughout the study, 107 urine samples were collected from all participants. To ensure data integrity, rigorous exclusion criteria were applied, in fact, five samples were excluded due to their duration exceeding the predefined study window.

It is essential to emphasize the meticulous attention paid to the mixing process, particularly regarding urine samples collected at 2–15-hours intervals. While most samples adhered strictly to the study protocol, exceptions were made for two volunteers urines samples during the 2–15-hours interval mixing due to their temporal deviation beyond the stipulated range. This decision was justified by the time gap between the last urination before the temporal limitation and the subsequent excretion, warranting their inclusion for measurement purposes. Similar exceptions were noted during the 0–6-hour pooling process, totaling three instances.

Considering the aforementioned exceptions the statistical analyses provided valuable insights into the mixing procedures. For the 0–6-hours interval, the median number of urine samples utilized for mixing was 2.00 (IQR 2-3), with a mean pooled six-hourly urine volume of 348 mL ± 176 mL. In contrast, during the 2–15-hours interval, there was a median of six urine samples (IQR 4-6) employed for mixing, resulting in an average total volume of 983 mL ± 331 mL.

Excluding baseline urination, the average number of urinations per participant was determined to be 6 (IQR 5-7). Importantly, baseline urinations showed non-detectable levels of u-GIP and lactulose, indicating the successful adherence to the pre-study dietary requirements. However, an average of 25 ppm ± 17 ppm of mannitol was detected in these samples, suggesting the challenges associated with adhering to a mannitol-free diet, despite recommendations.





Excretion kinetics

The excretion kinetics of u-GIP were investigated following ingestion, revealing insightful patterns among participants. On average, the initial urine sample with detectable levels containing GIP was excreted 2 hours and 53 minutes after ingestion, with most volunteers producing this sample as their first urine output following ingestion. The average peak excretion time was 4 hours and 08 minutes. Notably, exceptions were observed in two volunteers, whose first urine occurred approximately one hour after ingestion. These samples tested negative for GIP, possibly suggesting incomplete bladder emptying before ingestion. The detectable excretion of GIP extended to 9 hours and 43 minutes post-ingestion, with the first undetectable urine excreted, on average, at 12 hours and 55 minutes post-ingestion. Intriguingly, a double excretion peak was identified in 40% of volunteers, suggesting potential variability in u-GIP excretion dynamics. Above the upper limit of quantification (values represented by red squares in Figure 2), approximate concentrations were used based on extrapolation from the standard curve.




Figure 2 | Individual excretion patterns in urine: Mannitol (A); Lactulose (B); GIP (C). Each volunteer is represented by a color that is the same for all three compounds studied. In Figure C, each value extrapolated above the upper limit for accurate quantification of GIP is represented by a red square on the graph, based on the standard curve, for illustrative purposes.Abbreviations: GIP, Gluten Immunogenic Peptides.



Analysis of lactulose excretion kinetics (Figure 2) revealed distinct temporal dynamics among participants. The first positive lactulose urine sample was typically excreted approximately 2 hours and 44 minutes post-ingestion, closely aligning with the timing of u-GIP excretion. Similar to u-GIP excretion, the first urine after ingestion coincided with the first urine with detectable levels, except for one volunteer, whose first urine after ingestion occurred just one hour later and showed a negative result for lactulose, possibly indicating incomplete bladder emptying during lactulose ingestion. The average for the peak excretion time was 5 hours and 38 minutes. Lactulose excretion persisted for an average of 10 hours and 21 minutes post-ingestion, with the first urine with undetectable levels appearing, on average at 13 hours and 23 minutes post-ingestion. Intriguingly, lactulose did not reach negativity during the study for two volunteers, suggesting distal absorption of the molecule. Moreover, a double excretion peak was evident in 46.67% of volunteers, indicating potential variability in lactulose absorption/excretion patterns.

As mentioned previously, all baseline urine samples exhibited quantifiable values for mannitol (Figure 2). The average peak excretion time was 4 hours and 52 minutes. Notably, a double excretion peak was identified in 40% of volunteers, with two volunteers exhibiting double excretion peaks for all three compounds studied. None of the volunteers reached negativity during the study (Figure 2).

The comparison of the time after ingestion at which the peak excretion occurred for each compound and each volunteer, as well as the corresponding urine number, was analyzed (Table I). For all three compounds, the peak excretion (on average for all participants) occurred in the third urine sample. In 50% of volunteers, the time and, consequently, the urine matched for all three compounds. In 81% of volunteers, the excretion peaks for lactulose and mannitol coincided in the same urine sample.





Analysis of the variability in cumulative excretion within two ranges of sample collection

The excretion percentages for lactulose and mannitol were calculated based on both the ingested and total determined excreted quantities. Subsequently, the percentages of both compounds excreted in the 0–6-hours and 2–15-hours interval mixtures were determined. The excretion percentage in the 2–15-hours interval mixture was considered as 100%, and the proportion of this mix excreted within the 0–6-hours window was then calculated. For lactulose, the mean excretion rate was found to be 56.54% ± 16.53%, while for mannitol, the mean excretion rate was observed to be 72.54% ± 16%.

Regarding the excretion of u-GIP, due to the unavailability of precise ingestion data and the uncertainty surrounding the exact percentage of GIP in the 10 g of gluten consumed, the u-GIP quantity is utilized for calculations by using α-gliadin 33-mer (a principal contributor to gluten immunotoxicity) (15) as a standard. Employing the same methodology as with the aforementioned compounds, a mean excretion rate of 55.97% ± 20.66% is derived for the 0–6-hours interval mixture, with 100% representing the excretion in the 2-15-hours interval mixture.

The Lactulose-to-Mannitol ratio (LMR) was calculated for each participant in the 0–6-hours and 2–15-hours interval mixtures, yielding means of 1.04 ± 0.36 and 1.43 ± 0.53, respectively. Individual coefficients of variation between the ratios of each time interval were calculated for each participant, resulting in a mean of 18.81% ± 14.33%. The correlation graph between the LMR of the two intervals demonstrated a moderate correlation with an R2 value of 0.5977.





Outliers’ analysis

A study on outliers was conducted with the volunteers to determine if any participant demonstrated outlier values in the assessed parameters (LMR and u-GIP) at different time intervals (Figure 3). Out of the four parameters analyzed, volunteer 15 consistently exhibited outlier values across all parameters, while three other volunteers showed outlier values specifically in the LMR parameter within the 0–6-hours interval. Outlier calculations were performed using the Interquartile Range (IQR) method.




Figure 3 | Outlier’ plots for different parameters: LMR 0–6 hours and 2–15-hours intervals (A); GIP 0–6-hours and 2–15-hours interval (B) The Interquartile Range (IQR) method was utilized for outlier detection. Outlier’ results are shown in red. Abbreviations: LMR, lactulose-to-mannitol ratio; GIP, Gluten Immunogenic Peptides.







Analysis of the correlation between the different parameters

Considering that LMR is the most commonly used methodology for assessing intestinal permeability, it served as the reference control for analyzing u-GIP metabolism, particularly the absorption/excretion kinetics. Scatterplots were generated to compare the data from all volunteers for the different compounds. In addition to comparing the quantities of LMR and u-GIP at the two-time intervals, the correlation was also studied using only the percentage of lactulose excreted. A moderate correlation was observed between the LMR and u-GIP quantity in the 2–15-hours interval (R2 = 0.5225), inclusive of outliers. When the same representation but disregarding outlier results is done, only lactulose vs u-GIP comparison in the 2–15-hours interval shows a certain correlation (R2 = 0.4159). There is no correlation observed in the 0–6-hours interval.






Discussion

In this study, we evaluated the excretion dynamics of lactulose and mannitol, widely used probes for assessing intestinal permeability, in urine samples collected from healthy volunteers who consumed controlled doses under regulated dietary conditions. Furthermore, simultaneous consumption of gluten in addition to lactulose and mannitol was conducted to explore the pathways of epithelial barrier translocation of gluten peptides and evaluate their potential as a biomarker in intestinal permeability analysis.

GIP represent a heterogeneous mixture of peptides of varying sizes and degrees of hydrolysis. The assay used can detect both small peptides and intact gliadin protein. Given the heterogeneous mix of gluten digestion products, the relative quantification of GIP concentration is provided in reference to a standard curve of the immunogenic 33-mer GIP peptide. It is important to note that the detected signal does not exclusively indicate the presence of this specific peptide.

One notable finding was the comparative ease of adhering to a short-term gluten-free diet over abstaining from mannitol-containing foods, supported by the analysis of baseline urine samples from all participants. The straightforward identification of gluten sources contrasted with the complexity of identifying and avoiding various mannitol-rich foods (16). Despite instructions to avoid mannitol consumption during the washout period, all participants exhibited detectable concentrations of mannitol in their urine samples before ingesting the pure compound. Taking into account the average mannitol value found in baseline urines (25 ppm ± 17 ppm) and the average values for all volunteers in the different intervals (638 ppm ± 366 ppm for the 0–6-hours interval and 291 ppm ± 42 ppm for the 2–15-hours interval), it is concluded that the contribution of baseline urine is insignificant.”

Our results revealed a median duration of u-GIP excretion of approximately 10 hours, with the first urine with undetectable levels sample collected, on average, around 13 hours post-ingestion. These findings align with those of Coto et al. (7), who reported u-GIP detection within 1–15 hours after ingesting 2 grams of gluten in a homogeneous breakfast among their study participants. Notably, our study observed a mean peak in u-GIP excretion approximately 4 hours post-ingestion, contrasting with the findings of Coto et al. (7) of a peak between 6 and 9 hours. This discrepancy may stem from differences in the amount and the form of gluten ingested. Unlike the previous study, which did not incorporate a fasting period after gluten ingestion, our participants consumed gluten on an empty stomach in dispersed powder form. In contrast, Coto et al. (7) demonstrated that gluten was administered in capsules with breakfast, requiring metabolism alongside the meal. These results underscore the efficacy of administering gluten in suspension after a fasting period, enhancing metabolic efficiency.

In comparison, Moreno et al. (17) reported a narrower detection window for u-GIP, with detectable levels observed between 3- and 15-hours post-ingestion. Furthermore, they noted an extended time for u-GIP disappearance after a normal gluten-containing diet, ranging from 16 to 34 hours, compared to our study. These differences highlight the influence of gluten dosage and dietary context on u-GIP excretion dynamics and/or the higher sensitivity owing to the previous solid-phase extraction protocol of the samples.

Our study provides novel insights into the temporal patterns of u-GIP excretion following gluten ingestion under fasting conditions. The observed variations underscore the complex interplay between gluten exposure and GIP metabolism, with potential implications for gastrointestinal physiology and metabolic health. When the excretion patterns of specific volunteers were analyzed (Figure 4), significant heterogeneity was observed. The plots illustrate the variance between individuals with different excretion rates, including instances of double-peaked excretion profiles.




Figure 4 | Excretion patterns of selected volunteers where: Mannitol excreted (A) (Light blue: Vol. 13; Brown: Vol.10; Green: Vol. 6); Lactulose excreted (B) (Brown: Vol. 8; Orange: Vol. 2; Yellow: Vol. 7); u-GIP excreted (C) (Light blue: Vol. 13; Orange: Vol. 14; Dark blue: Vol. 11). The average results are shown in a dashed red line.



A comparison of the excretion dynamics between lactulose/mannitol and u-GIP revealed remarkable similarities, particularly in the temporal patterns observed. Both lactulose and u-GIP exhibited comparable times to the first urine with quantifiable levels sample post-ingestion, with lactulose detected at 2 hours and 44 minutes and u-GIP at 2 hours and 53 minutes, suggesting a similar excretion dynamic.

Similarly, the duration of excretion, as indicated by the time to the first urine with undetectable levels sample post-ingestion, remained consistent for lactulose (13 hours and 23 minutes) and u-GIP (12 hours and 55 minutes), emphasizing their parallel kinetics. As mentioned previously, all baseline urine samples tested positive for mannitol, indicating pre-existing exposure, and none reached undetectable levels during the study period. Notably, the peak excretion times differed slightly, with lactulose and mannitol peaking at approximately 5 hours, and u-GIP peaking at 4 hours and 8 minutes. These findings underscore the feasibility of the GIP-based test, as a reliable marker of intestinal permeability, with the advantage of utilizing a real food antigen that may be implicated in immunological disorders and without transgressions by the participants.

Analyzing the findings presented in Table 1, it can be concluded that while excretion patterns varied among individual volunteers—some exhibiting early excretion peaks at 2 hours post-ingestion and others at 8 hours post-ingestion—it is notable that the third urine sample corresponded to the time of maximum concentration for all three compounds. This finding could inform the development of more accurate protocols and interpretation of future studies related to the excretion kinetics of these compounds.


Table 1 | Characteristics of peak excretion time for each compound and volunteer.



The presence of volunteers with multiple excretion peaks aligns with existing literature, where the temporal curves for the percentage excretion of mannitol and lactulose exhibited a bimodal pattern with early and later peak (11). In the previous study, the initial peak in mannitol excretion occurred between one- and two-hours post-dosage. However, in our data, the first peak for mannitol was observed at around 4.5 hours, which does not coincide with their findings. We did observe a similarity with the second peak for lactulose at 4 hours, which corresponds to the first peak in our study. Since the previous study only collected data up to 6 hours, it is unknown whether a later peak would have appeared, as we found in our results at 10:36 for lactulose and 12:10 for mannitol. Additionally, we detected one case with up to three excretion peaks, indicating further interindividual variations in the absorption and excretion of these compounds. These findings underscore the intricate interplay between excretion dynamics and urine characteristics, highlighting the complexity of excretion dynamics and the need to consider individual variability in future studies on intestinal permeability.

The urinary levels of GIP were notably within the µg range, while those of lactulose were in the mg range, despite similar intake quantities. This discrepancy suggests that gluten peptides demonstrate lower permeability than lactulose and/or undergo significantly greater hydrolysis, rendering them more challenging to detect. However, the immunogenicity of gluten peptides holds greater biological relevance than saccharide molecules when analyzing potential systemic inflammatory responses.

Two different collection intervals were tested. Firstly, 2–15-hours interval was chosen because it is documented as the period during which the majority of GIP are excreted (7). Thus, this collection period should capture the vast majority of GIP excreted following the 10g gluten. However, it was determined, that collecting urine for 15 hours would be logistically challenging for patients necessitating the testing of a shorter collection time frame. Given that multiple studies collect urine for 6 hours to measure lactulose/mannitol (18), the 0–6-hour period was also selected.

Different time intervals for urine collection offer varied interpretations of the lactulose and mannitol test, depending on excretion time and gastrointestinal tract location. According to Odenwald et al. (19), the period from 0 to 2 hours after ingestion reflects small intestinal permeability. Between 2 to 8 hours after ingestion, markers are distributed in both the small and colonic intestines, indicating their combined presence in these regions. However, urine collected between 8 and 24 hours provides a more accurate reflection of colonic permeability. It is crucial to recognize that during this later period, colonic microbiota may degrade lactulose and mannitol, limiting their effectiveness in evaluating colonic permeability (20).

Our results, comparing the cumulative excretion within the 0–6-hours range against the 2–15-hours interval, revealed that lactulose and u-GIP did not reach the 60% excretion mark, whereas mannitol exceeded the 70% threshold. Regarding mannitol, it should be noted that there is a minimal dietary contribution (See Results). These findings are consistent with previous investigations, notably those by Camilleri et al. (21) estimating that over 70% of mannitol is absorbed before reaching the colon. Regarding the interpretation of our results, we observed a moderate correlation between the LMR calculated at the two intervals. This correlation has been observed in previous studies, such as that by Camilleri et al. (21) who noted an increase in LMRs in later urine collections, suggesting potentially higher permeability of the colon compared to the small intestine. They hypothesized that a significant portion of the mannitol may have been absorbed by the small intestine, reducing its availability for absorption in the colon, unlike lactulose, according to our data.

A review of 24 studies concluded that the mean LMR in healthy individuals was 1.4, which is consistent with our findings (1.04 for the 0–6-hours interval and 1.43 for the 2–15-hours interval) (22). Controversy surrounds the establishment of cutoff value for LMR indicating altered intestinal permeability. Some studies set the normal value at 2.5 (23), while others used 3 (24), although this may depend on various factors such as the test procedure. Therefore, in this study, no cutoff value was considered for data evaluation. Instead, an outlier analysis was conducted to identify any anomalous results compared to the rest of the group, given that only healthy volunteers were involved. Volunteer 15 was exhibited unusual values for both the LMR and u-GIP in both intervals, as shown in Figure 3. The likelihood of this occurrence is 0.008%. Detecting an outlier with elevated values for both parameters is an intriguing finding that supports the feasibility of using u-GIP as a potential measure of intestinal permeability. However, further research and analyses involving a significant number of participants (both healthy and diseased) are necessary to confirm this correlation and determine the clinical value of u-GIP in assessing intestinal permeability.

Correlations between LMR and u-GIP parameters at both time intervals were evaluated, along with % Lac and u-GIP. Our analysis detected a moderate correlation between the LMR and u-GIP parameters during the 2–15-hours interval (R2 = 0.5225) when considering the presence of an outlier. However, upon excluding this outlier, the correlation weakened, suggesting an insignificant relationship between the two variables. This observation is consistent with the expected outcomes in the healthy control group, where variations in intestinal permeability parameters were anticipated to be minimal. Interestingly, Ordiz et al. (25) mentioned in their study involving the L:M test in 1669 rural Malawian children, that the strong direct correlation between percentage lactulose and percentage mannitol excretion does not support the use of mannitol as a normalizing factor for lactulose. They suggested that the use of percentage lactulose excretion alone provides more information about gut integrity than the LMR. Conversely, when outliers were removed from the analysis of %Lac vs u-GIP for the 2–15-hours interval, a moderate correlation (R2 = 0.4159) emerged. This finding suggests a potential association between lactulose and u-GIP excretion rates within this timeframe, indicating underlying physiological mechanisms that warrant further investigation.

In this study, significant similarities have been identified between lactulose and u-GIP. Both compounds exhibit comparable temporal patterns in urinary excretion, including similar times to first quantifiable urine sample and duration of excretion. Furthermore, comparing excretion across the studied intervals (0–6-hours and 2–15-hours) reveals slower absorption rates for both u-GIP and lactulose. These findings support the theory that gluten peptides are predominantly absorbed via the paracellular pathway, akin to lactulose, due to their substantially larger molecular size compared to molecules predominantly absorbed via the transcellular route in the small intestine.

One notable weakness of the study lies in the dietary conditions post the 6-hour mark, where participants resumed consuming varied foods. This variability in dietary intake among participants introduces uncertainty regarding its potential impact on the excretion dynamics of the substances tested. It remains unclear whether these dietary variations could have altered the results due to minor dietary transgressions. This factor collectively highlights the need for careful consideration and further exploration in future research to mitigate such potential biases.

While these results are promising and demonstrate the feasibility of an intestinal permeability test based on u-GIP, further studies involving individuals exhibiting gastrointestinal conditions that may suggest altered permeability are necessary to compare and validate u-GIP as a marker. One potential concern regarding the use of gluten in assessing intestinal damage, particularly in the context of celiac disease, should not pose a problem during the diagnosis, as a gluten challenge is essential for reliable diagnosis. Given that occasional gluten ingestion is common and often asymptomatic (8, 26), it can also be considered a valuable specialized tool for monitoring the progression of intestinal damage during the gluten-free diet. This can be achieved using urinary GIP after a single gluten intake and for characterizing clinical symptoms (presence or type of symptoms). Given the disparities observed in the dynamics of this cohort comprising 15 volunteers, despite standardized conditions minimizing other dietary factors, exploring the potential for intraindividual variability justifies further investigation. Further clinical studies on individuals with gastrointestinal conditions where changes in permeability are potentially present will ascertain the utility of this approach in estimating intestinal permeability to food antigens.
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Introduction

Celiac disease is a common autoimmune-like enteropathy caused by an aberrant response to incompletely digested dietary gluten. Gluten immunogenic peptides including the immunodominant 33-mer are thought to be resistant to proteolytic digestion by human gastrointestinal peptidases. We developed a novel enzyme therapy approach to support gluten peptide digestion using a combination of two tandem-acting exopeptidases, AMYNOPEP, that complement the intrinsic enzymatic activity of intestinal brush border enterocytes.





Methods

We evaluated the effects of AMYNOPEP supplementation on 33-mer degradation in vitro and in vivo. In a cross-over clinical study, healthy volunteers with no gastrointestinal disorders were given stable isotope (SI) labelled 33-mer peptides in the presence of varying peptide substrates and caloric loads, with and without AMYNOPEP. 33-mer degradation products (SI-labelled single amino acids) were measured in the blood plasma using LC-MS/MS.





Results

AMYNOPEP achieved rapid, complete amino-to-carboxyl terminal degradation of the 33-mer in vitro, generating single amino acids and dipeptides. In healthy volunteers, AMYNOPEP supplementation significantly increased 33-mer degradation and absorption of SI-labelled amino acids even in the presence of competing substrates. Specifically, we observed a 2.8-fold increase in the Cmax of stable isotope-labelled amino acids in the presence of wheat gluten. The absorption kinetics of labelled amino acids derived from 33-mer digestion with AMYNOPEP closely resembled that of SI-labelled X-Proline dipeptides administered without enzyme supplementation, highlighting the rapid hydrolytic activity of AMYNOPEP on polypeptides.





Conclusions

AMYNOPEP achieved complete degradation of the 33-mer into single amino acids and dipeptides in vitro and significantly improved 33-mer degradation kinetics in healthy volunteers, as measured by labelled amino acid detection, warranting further investigation into the potential therapeutic benefits of exopeptidase combinations for patients with gluten-related health disorders including celiac disease.
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Introduction

Celiac disease (CeD) is a common autoimmune-like enteropathy affecting 1-1.4% of the global population (1, 2) with its incidence rising by 7.5% annually over the past several decades (3). CeD is caused by an aberrant response to specific peptide fragments released during dietary gluten digestion. A limited number of gluten immunogenic peptides (GIPs) are considered to be immunodominant, including the α2-gliadin derived 33-mer peptide which carries six overlapping T cell epitopes (4). The 33-mer is thought to be stable to proteolytic digestion by human gastric, pancreatic, and intestinal peptidases due to its abundance of proline residues (5), though studies of duodenal biopsies have shown the 33-mer to be almost fully degraded during intestinal transport in healthy individuals (6). Interestingly, the 33-mer peptide has also been shown to spontaneously form peptide self-aggregates in vitro (7, 8), which may further interfere with its digestion. In patients with CeD, GIP exposure reactivates a CD4+ T cell-driven immunological response resulting in a broad range of gastrointestinal (GI) and systemic symptoms (as reviewed elsewhere (9, 10)). A lifelong gluten-free diet (GFD) is seen as the only effective approach to prevent gastrointestinal symptoms in CeD patients. However, most patients do not experience complete mucosal healing on a GFD even with well-controlled symptoms (11, 12) and up to 80% of GFD-adhering patients experience inadvertent gluten contamination (13), highlighting a need for more effective CeD therapeutics.

Enzyme therapies currently in development aim to support the body’s natural digestion of gluten peptides using exogenous bacterial, fungal, or plant-derived peptidases. These therapies have almost exclusively focused on stomach-acting endopeptidases (ENPs), a class of enzyme that generates peptides of variable lengths by cleaving intra-chain residues (e.g., AN-PEP, Latiglutenase, TAK-062). While ENPs, such as pepsin, trypsin, and chymotrypsin, partially digest peptides into progressively smaller chains, exopeptidases (EXPs) complete digestion by systematically cleaving peptide bonds on either terminal end into absorbable lengths (e.g., single amino acids, dipeptides). The majority of EXPs are anchored to enterocytes at the brush border membrane (BBM) or released by BBM vesicles into the lumen of the small intestine (14, 15). Patients with CeD experience damage to the intestinal BBM and reduced activity of certain brush border EXPs (16, 17). For instance, activity of the endogenous proline-specific dipeptidyl peptidase-IV (DPP-IV) was shown to be reduced by an average of 70% in CeD patients compared to healthy individuals without gastrointestinal diseases (17), likely aggravating the indigestibility of GIPs and their accumulation.

Here, we investigated a novel enzyme therapy approach for the digestion of GIPs using a combination of two exopeptidases, AMYNOPEP, that complements the intrinsic exopeptidase activity of enterocytes. AMYNOPEP consists of two tandem-acting aminopeptidases (a monoaminopeptidase and dipeptidyl peptidase) that digest peptides from the amino- to carboxy-terminal to generate absorbable single amino acids and dipeptides. We assessed the action of AMYNOPEP enzymes on stable isotope (SI) labelled 33-mer peptide digestion using a quantitative LC-MS/MS method for near-real-time detection of SI-labelled amino acids in the blood of healthy volunteers.





Results




AMYNOPEP rapidly and completely degrades the 33-mer peptide into dipeptides and single amino acids in vitro

The degradation activity and efficacy of AMYNOPEP was assessed on the 33-mer in vitro (1:10 enzyme ratio, see Methods). Since both enzymes are aminopeptidases, the 33-mer was expected to be degraded through stepwise cleaving events beginning at the amino-terminal end and resulting in the release of single amino acids (leucine, L; glutamine, Q; phenylalanine, F) and X-proline (XP) dipeptides (QP, FP, LP, and (tyrosine, Y) YP, Figure 1A). Within 30 minutes of incubation with AMYNOPEP, less than 0.05% of the full 33-mer sequence was detectable (Figure 1B), and all anticipated degradation products (XP dipeptides and single amino acids) were detected (Figure 1C). We further analyzed the extent of 33-mer digestion by monitoring the appearance of degradation intermediates: 28-mer, 16-mer, 9-mer, and 5-mer peptides (Figure 1D). The degradation intermediates appeared in a time-dependent manner, in line with progressive N-to-C terminal degradation of 33-mer peptides. Accordingly, XP dipeptides and free amino acids increased in a time-dependent manner (Figure 1E). XP dipeptides appeared to be stable to enzymatic cleavage, as indicated by the lack of detectable free P or Y residues. Given the lack of XP cleavage, detection of free F residues indicated complete degradation of the 33-mer down to the carboxy-terminal-most F residue. Thus, the presence of detectable F within 30 minutes of AMYNOPEP incubation proved complete N-to-C terminal degradation of the 33-mer peptide in vitro. Using the terminal F, it could be estimated that 81% to 91% of analyzed 33-mer was degraded completely down to single amino acids and XP dipeptides after 60 minutes of incubation (Figure 1F). To further assess the complete degradation of the 33-mer peptide by AMYNOPEP in vitro, we monitored all theoretically possible 33-mer degradation intermediates expected to result from AMYNOPEP’s mode-of-action, revealing complete degradation of the measured peptide products by 60 minutes (Supplementary Figure 1). Faster 33-mer degradation in vitro was observed with an enzyme ratio of 1:1 (Supplementary Figure 2), thus a 1:1 enzyme ratio was used for all subsequent studies in healthy volunteers.




Figure 1 | AMYNOPEP rapidly and completely degrades the 33-mer GIP into single amino acids and dipeptides in vitro. (A) Schematic representation of the AMYNOPEP mode-of-action. Tandem EXP activity ensures systematic degradation of the 33-mer through stepwise cleavage of single amino acids (L, Q, F), mediated by the aminopeptidase (blue), and cleavage of XP dipeptides (QP, FP, LP, YP) mediated by the dipeptidyl peptidase (orange). Cleaving sites for each enzyme are indicated by arrows. Red lines represent immunogenic HLA-DQ2/-DQ8 epitopes. (B) LC-MS/MS analysis of full length 33-mer degradation 0, 5, and 30 min after addition of AMYNOPEP. (C) Detection of XP dipeptides and amino acids during 33-mer degradation 0, 5, and 30 min after addition of AMYNOPEP. Peaks are labelled with their corresponding degradation product. (D) Time-dependent degradation of the 33-mer by AMYNOPEP and appearance of selected peptide intermediates, 28-mer (FPQPQLPYPQPQLPYPQPQLPYPQPQPF), 16-mer (LPYPQPQLPYPQPQPF), 9-mer (LPYPQPQPF), and 5-mer (QPQPF). (E) Corresponding time-dependent appearance of XP dipeptides and free amino acids. (F) Quantitative determination of complete 33-mer degradation based on the detection of F that is only cleaved once as single amino acid during the last cleavage step. (D–F) show means and SD of three technical replicates.







SI-labelled amino acids are detectable in the plasma of healthy volunteers

To evaluate the in vivo detection efficacy of labelled 33-mer degradation products, we performed a pilot study wherein SI-labelled XP dipeptides were orally administered to healthy volunteers (n=9 total) and subsequently measured in plasma and urine using HPLC-MS/MS (Figure 2, top panel pilot cohort). Volunteers (n=3) were given 50 mg of each SI-labelled XP dipeptide (F*P*, LP*, and L*P*) diluted in water, and the appearance of SI-labelled products was assessed over 72 hours in plasma and pooled urine samples. Only trace amounts (<LOQ) of XP dipeptides were detected in plasma (Figure 3A) and urine. In contrast, all three SI-labelled amino acids (L*, F*, and P*) that would result from the cleavage of their respective XP dipeptides were detectable in plasma in a time-dependent manner following oral administration (Figure 3A). Since SI-labelled amino acids were only partially excreted in urine with 0.002% to 0.017% of the orally administered amount (data not shown), subsequent in vivo studies did not include urine analyses.




Figure 2 | Overview of pilot and proof-of-concept study design assessing AMYNOPEP supplementation on 33-mer peptide digestion in healthy volunteers. Pilot study: To assess detection of orally administered amino acids in blood, a pilot study was conducted beforehand. (A) SI-labelled XP dipeptides were administered and resorption in the form of SI-labelled amino acids was measured in blood. (B) Proof-of-concept study (Cohorts 1-3): Two different isotope labelled peptides were used to evaluate 33-mer degradation: (1) a comprehensively labelled peptide with labels covering epitopes throughout the peptide, and (2) a strategically labelled peptide to evaluate end-to-end peptide digestion. A cross-over study design was utilized in which healthy volunteers followed a specified protocol on week one, followed by the same protocol with the addition of AMYNOPEP on week 2. In cohort 1, five volunteers were given 50 mg of comprehensively labelled peptide with apple juice. In cohort 2, five volunteers were given 50 mg of comprehensively labelled peptide with Peptamen. In cohort 3, four volunteers were given 100 mg of strategically labelled peptide with 5 g of wheat gluten. Blood was collected at regular intervals and 33-mer digestion products were measured as described in the Methods.






Figure 3 | Detection of SI-labelled single amino acids in plasma after oral administration of XP dipeptides in healthy volunteers. (A) Plasma concentration [µM] of labelled dipeptides and amino acids after oral administration of L*P*, LP*, and F*P* (50 mg each) with water. Means and SD of three individuals are shown. (B) Influence of Peptamen (hydrolyzed protein) on absorption and detection of labelled amino acids after oral administration of dipeptides (50 mg each). Means and min/max of three individuals are shown. (C) LC-MS/MS detection intensity [cps] of labelled amino acids 1 hour after oral administration of dipeptides (5 mg each) taken with Peptamen. (D) Plasma concentration [µM] of labelled amino acids after administration of 5 mg of each labelled XP taken with Peptamen. (E) Influence of dose reduction from 50 mg to 5 mg of each labelled XP taken with Peptamen on plasma AUC of labelled amino acids. Box plots show the median, 25th to 75th percentiles and whisker show the min/max of three healthy individuals per cohort. FC, fold-change; AUC, area under the curve.



To assess differences in SI-labelled amino acid digestion and absorption in the presence of a caloric load and competing peptide substrate, we administered 50 mg of each XP dipeptide with 100 mL of Peptamen (n=3 volunteers, Figure 2 top panel). Peptamen did not influence the detection of XP dipeptides which were again only present in trace amounts in the plasma (data not shown). Peptamen resulted in decreased detection of F* and P* in plasma, as seen through a decrease in AUC of 2.1-fold and 2.4-fold, respectively (Figure 3B). In contrast, detection of L* was not significantly altered in the presence of Peptamen relative to water.

To assess the detection limit of our system, we lowered the dipeptide dose to 5 mg per XP, in combination with 100 mL Peptamen (n=3 volunteers, Figure 2 top panel). The 10-fold dipeptide dose reduction resulted in clearly detectable F*, P*, and L* in plasma (Figures 3C, D), with a proportional reduction in plasma AUC of 9.5-fold, 11.5-fold, and 13.2-fold, respectively (Figure 3E). Based on the XP dipeptide absorption data, we proceeded to administer at least 50 mg of labelled 33-mer peptides in subsequent studies.





AMYNOPEP supplementation rapidly increases the degradation of 33-mer peptides in healthy volunteers

To assess enzyme efficacy in healthy volunteers, we analyzed degradation of two different SI-labelled 33-mer peptides with and without AMYNOPEP (Figure 2, middle and lower panels). The first was a comprehensively labelled peptide with SI labels distributed throughout the sequence, covering all immunogenic epitopes with the goal of ensuring sufficient detection of enzyme activity in vivo (Figure 4A). In the first cohort (n=5 volunteers, Figure 2 middle panel), 50 mg of comprehensively labelled 33-mer peptide were administered with apple juice, a low-caloric fluid to facilitate rapid gastric emptying, and to avoid the introduction of competing peptides that could affect enzyme activity. Interestingly, 33-mer degradation was also observed in volunteers without AMYNOPEP, though AMYNOPEP supplementation resulted in significantly higher plasma Cmax of all labelled amino acids in the first 30 min post-administration compared to control (Figures 4B, C). Specifically, AMYNOPEP resulted in significant 1.8, 2.0, and 2.4-fold-change increases in maximum plasma concentrations (Cmax) of F*, P*, and L*, respectively (Figure 4C). In addition, AMYNOPEP supplementation resulted in significantly increased AUCs of F* (FC=1.3, p=0.025), P* (FC=1.2, p=0.006) and L* (FC=1.3, p=0.018) compared to control (Supplementary Figure 3).




Figure 4 | Rapid and enhanced degradation of the 33-mer peptide with AMYNOPEP supplementation. (A) Schematic overview of comprehensively labelled 33-mer peptide digestion by AMYNOPEP enzymes (represented by blue and orange sectors). Cleavage sites are indicated by arrows. (B) 50 mg of labelled 33-mer peptide was administered to five healthy volunteers with apple juice, preceded by administration of AMYNOPEP (visit 2) or plain water (visit 1). Plasma concentration of labelled amino acids (F*, P*, L*) was measured over the course of four hours. Means and SD of five healthy individuals are shown (C) Cmax of labelled amino acids in plasma, with and without AMYNOPEP supplementation, and co-administration of apple juice (left side of graphs) or Peptamen (right side of graphs). Box plots show the median, 25th to 75th percentiles and whisker show the min/max of five healthy individuals. FC, fold-change; Cmax, maximum concentration.



In the second cohort (n=5 volunteers, Figure 2 middle panel), we assessed the effect of competing peptide substrates in the form of 100 mL Peptamen on the degradation activity of 33-mer by AMYNOPEP. As expected, the addition of Peptamen decreased the efficacy of 33-mer digestion when compared to enzyme administration with apple juice, as shown by decreased Cmax (Figure 4C). However, even with Peptamen, significant increases in Cmax of F* (FC=1.2, p=0.022), P* (FC=1.4, p=0.022) and L* (FC=1.4, p=0.022) were observed with AMYNOPEP compared to control. Additionally, AMYNOPEP supplementation still resulted in significantly increased AUCs of F* (FC=1.1, p=0.022), P* (FC=1.2, p=0.022) and L* (FC=1.1, p=0.022) in the presence of Peptamen compared to controls.

AMYNOPEP supplementation significantly decreased time to Cmax (tmax) for F* (tmax= 22.5 min with AMYNOPEP vs 31.5 min without, p=0.048) and P* (tmax= 24 min with AMYNOPEP vs. 33 min without, p=0.032) when administered with apple juice (Supplementary Figure 4). No significant differences in tmax were observed with Peptamen (Supplementary Figure 4).

We further assessed AMYNOPEP enzyme efficacy using a second SI-labelled 33-mer peptide with strategic labeling of single L* and P* residues, to assess the extent of N-to-C terminal peptide digestion (Figure 2 bottom panel, Figure 5A). Detection of L* would indicate degradation of the first half of the 33-mer and disruption of four out of six immunogenic epitopes, while the downstream P* shows disruption of all immunogenic epitopes. In a third cohort (n=4 volunteers), we administered 100 mg of the strategically labelled 33-mer with 5 g of wheat gluten as a competitive substrate (Figure 2). AMYNOPEP supplementation resulted in significantly increased Cmax of P* (FC=2.8, p=0.034) and L* (FC=3.4, p=0.034) compared to control, even in the presence of gluten (Figures 5B, C). We observed a trend in which AMYNOPEP decreased tmax, which was reached at 22.5 min post-administration of AMYNOPEP for both P* and L*, compared to tmax of 45 min without enzyme (p=0.054 for both; Supplementary Figure 5).




Figure 5 | Comprehensive degradation of SI-labelled 33-mer by AMYNOPEP in the presence of gluten. (A) Schematic overview of strategically labelled 33-mer peptide digestion by AMYNOPEP enzymes (represented by blue and orange sectors). Cleavage sites are indicated by arrows. (B, C) 100 mg of strategically labelled 33-mer peptide was administered to four healthy volunteers with 5 g wheat gluten, with (red) or without (black) AMYNOPEP. Influence of enzyme addition on L* and P* plasma concentrations over time (B) and on maximum plasma concentrations (Cmax, C) were determined. (D) Comparison of amino acid absorption after administration of XP dipeptides (F*P*, LP*, L*P*) with water or 33-mer strategically labelled peptide with and without addition of AMYNOPEP. Plasma concentration-time plots show means and SD of four healthy individuals. Box plots show the median, 25th to 75th percentiles and whiskers show and min/max of four healthy individuals. Cmax, maximum concentration; AUC, area under the curve; FC, fold-change.



Most importantly, the absorption kinetics of single amino acids resolving from 33-mer degradation after AMYNOPEP addition closely resembled that of the amino acids when administered as XP dipeptides in the pilot study (Figure 5D). This finding reinforces the rapid action of AMYNOPEP, whereby the digestion and absorption of amino acids from a long (>30-amino acid) peptide was comparable to that of ingested dipeptides.






Discussion

We have demonstrated rapid, systematic N-to-C terminal degradation of 33-mer peptides by AMYNOPEP in vitro, with corresponding degradation of SI-labelled 33-mer peptides in healthy volunteers even in the presence of competing substrates (Peptamen, wheat gluten). While the study was limited by its focus on one representative SI-labelled GIP, the positive results described herein warrant further investigation into AMYNOPEP’s efficacy at digesting other proteolytically-resistant and immunogenic peptides. Given the observed end-to-end degradation mode of action of AMYNOPEP in vitro, the same mechanism very likely underlies the improved degradation of 33-mer peptides in vivo, with AMYNOPEP supporting endogenous digestive enzyme machinery. Our strategy to use SI-labelled 33-mer combined with quantitative LC-MS/MS detection allowed us to distinguish between SI-labelled 33-mer degradation products and naturally occurring amino acids in plasma samples, including those from competing substrates co-administered with SI-labelled 33-mer. Considering the N-to-C terminal degradation of peptides by AMYNOPEP, the two differently SI-labelled peptides provided complementary information. Whereas the comprehensively labelled peptide allowed for sensitive detection of even minor degradation, the strategically labelled peptide gave us an indication of the extent of 33-mer digestion. Following the mode-of-action demonstrated in vitro, detection of labelled L* would indicate degradation of half of the 33-mer and four out of six immunogenic epitopes, whereas detection of labelled P* would show further N-to-C terminal degradation and disruption of all six immunogenic epitopes.

We observed 33-mer degradation in healthy volunteers even without AMYNOPEP. These findings further support that the 33-mer is not indigestible in healthy humans, but that its digestion in the small intestine may be performed by rate-limited enzymes (e.g., brush border EXPs (18)). In line with this, research on duodenal biopsies from active CeD, GFD-managed CeD, and healthy volunteers showed that enterocytes of healthy individuals and GFD-managed, but not active CeD patients, can fully digest certain digestion-resistant gliadin peptides (6), suggesting defects in BBM peptidase activity in active CeD. As noted, compromised enterocyte functionality and reduced activity of certain BBM peptidases in CeD reinforce the need to supplement or replace BBM deficiencies. To date, there have been limited research and clinical studies aimed at developing EXP-based enzyme therapies, perhaps due to a limited understanding of the human BBM proteome and lack of suitable in vitro models to study the human BBM (19, 20), the source of most EXPs (14). Some exogenous EXPs have been studied in human and commercial settings, including DPP-IV and separately, leucyl aminopeptidase, demonstrating favorable safety profiles of these enzymes. DPP-IV is already available as an over-the-counter dietary supplement in several products, and a food enzyme leucyl aminopeptidase recently underwent safety evaluation showing no safety concerns under conditions of use in eight food manufacturing processes (21). Regarding the safety of AMYNOPEP, we collected data on adverse events during the course of study participation, and no volunteers reported adverse events related to the ingestion of study materials (AMYNOPEP or SI-labelled peptides, see Appendix I for more details on safety data). We demonstrated here that EXP supplementation via AMYNOPEP greatly increased 33-mer degradation and SI-labelled amino acid absorption in vivo, even in healthy volunteers with presumably intact BBM. Our approach, with quantitative LC-MS/MS measurement of SI-labelled 33-mer degradation products, allowed for sensitive, non-invasive monitoring of GIP degradation in near-real-time. We did not detect SI-labelled XP dipeptides in vivo, likely due to endogenous processing of dipeptides into single amino acids by enterocytes (as demonstrated in the pilot study).

Contrary to many ENP-based enzyme therapies under development for the treatment of CeD, our enzyme combination targets peptide degradation in the small intestine. The focus of most enzyme therapies on peptide digestion in the stomach likely stems from concerns that GIP digestion must occur before gastric emptying to prevent immune activation in the small intestine. However, recent research into the immunological timeline of events following gluten ingestion revealed a one-to-four-hour window before peak detection of immune markers in the blood and associated gastrointestinal symptoms (22), suggesting that fast-acting enteric enzymes may still digest gluten peptides in time to prevent adverse effects. Furthermore, enzyme approaches relying solely on gluten digestion in the stomach are likely to be ineffective due to limited mixing in the stomach (23, 24) and rapid gastric emptying of low-caloric fluids and small particles (23, 25). Stomach-targeting enzyme supplements may therefore be rapidly emptied into the small intestine, where they might experience greatly reduced activity or inactivation due to changes in pH or vulnerability to trypsin, thereby missing their window of opportunity to efficiently digest gluten peptides. Our novel mode-of-action is based on combinatorial EXP action in the small intestine, hence addressing these limitations, complementing the body’s EXP activity of luminal or brush border origin to achieve thorough digestion of GIPs into absorbable single amino acids and dipeptides. While our study was limited by a small sample size of healthy volunteers and did not include patients with CeD, our SI-labelled approach offers a highly sensitive and accurate detection method for assessing enzyme efficacy in near real-time. Future enzymatic approaches to gluten digestion should account for issues of motility and enzyme mode-of-action, with a particular focus on intestinal activity and EXP supplementation.





Materials and methods




Materials

All labelled peptides, XP dipeptides, and amino acids were synthesized using 13C and 15N stable isotopes (SI, labelling further indicates as *). Labelled 33-mer (LQLQP*F*PQP*QL*P*YP*QP*QL*P*YP*QP*QL*P*YP*QP*QP*F and LQLQPFPQPQLPYPQPQL*PYPQPQLP*YPQPQPF) and XP dipeptides phenylalanine-proline (F*P*), leucine-proline (LP*), and leucine-proline (L*P*) were synthesized by Intavis Peptide Services GmbH (Tübingen, Germany). Labelled and non-labelled amino acids (F, P, L, Y, Q) were obtained from Sigma-Aldrich (Taufkirchen, Germany). Non-labelled 33-mer was obtained from Ontores biotechnologies (Shanghai, China). Non-labelled XP dipeptides FP, LP, YP and QP as well as 28-mer, 16-mer, 9-mer and 5-mer were obtained as SpikeTides™ for method development from JPT Peptide Technology GmbH (Berlin, Germany). LC-MS/MS grade acetonitrile, methanol, and formic acid were obtained from Merck (Darmstad, Germany). LoBind 1.5mL reaction tubes were obtained from Sarstedt (Nümbrecht, Germany). Peptamen™ (Neutral SmartFlex) was obtained from Nestlé Health Science Gmbh (Frankfurt, Germany). Wheat gluten was obtained from Veganz Group AG (Berlin, Germany). Hydrogencarbonate (NaHCO3) was obtained from Arnold Holste Wwe. GmbH & Co. KG (Bielefeld, Germany).





In vitro digestion of 33-mer peptide by AMYNOPEP

In vitro digestion of 33-mer peptides was performed using a two-form enzyme combination, AMYNOPEP, which utilizes two tandem-acting aminopeptidases. The 33-mer digestion was done in Tris buffer at pH 7.0 using an enzyme mixture consisting of 0.86 mg/L dipeptidyl peptidase and 8.6 mg/L aminopeptidase (1:10 enzyme ratio). Enzyme mixture was incubated with 100 mg/L 33-mer in a final volume of 1.8 mL. Digestions were performed at 37°C and 350 rpm. Samples of 200 µL were collected at 0, 5, and 30 min and immediately transferred to new 1.5 mL reaction tubes prefilled with 1.6 mL 0.1% TFA to stop the reaction. Samples were stored at -80°C prior to LC-MS/MS measurement, for which samples were diluted 1:5 in 0.1% formic acid. 5 µL or 10 µL of samples were analyzed to detect the intact 33-mer, degradation intermediates (28-mer: FPQPQLPYPQPQLPYPQPQLPYPQPQPF; 16-mer: LPYPQPQLPYPQPQPF; 9-mer: LPYPQPQPF; 5-mer: QPQPF), and degradation products (dipeptides and amino acids). In order to determine the proportion of complete degradation, the amount of cleaved F, which is only generated in the last step of degradation, was quantified and set in relation to the theoretical maximum achievable concentration with complete degradation of all 33-mer molecules. Detailed description of LC-MS/MS method to detect in vitro degradation products can be found in Supplementary Tables 1, 2.





Pilot study demonstrating SI-labelled amino acid detection in plasma of healthy volunteers

Healthy volunteers were selected based on no previous history of CeD, NCGS, or wheat allergy. The study (German Register of Clinical Studies, DRKS00033099) was approved by the Ethics Committee of the University Medicine Greifswald, and was performed in adherence to the declaration of Helsinki (2013 Version), the Medical Association’s Professional code of conduct for Mecklenburg-Vorpommern (BOÄ M-V) and the data protection regulation of the EU (EU-DSGVO) and of Mecklenburg-Vorpommern (DSG-MV). Written informed consent was obtained from all volunteers prior to enrollment in the study.

A mixture of all three SI labelled XP dipeptides (F*P*, LP*, and L*P*) were orally administered to volunteers (n=9 total), divided into three cohorts of three volunteers each (see Figure 2). Cohort 1 received 50 mg of each dipeptide in 300 mL water. Cohort 2 received 100 mL Peptamen first, then 50 mg of each dipeptide in 150 mL water, followed by another 50 mL water. All drinks were taken within a minute. Cohort 3 received 100 mL Peptamen first, then a reduced dose of 5 mg of each dipeptide in 150 mL water, followed by another 50 mL water. All drinks were taken within a minute. Blood samples were collected after 15 min, 30 min, 45 min, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h, 14 h, 48 h and 72 h after dosing. Urine was collected and pooled at 0-4 h, 4-6 h, and 6-10 h, and was collected as spot urine at 48 h and 72 h after dosing.





Proof-of-concept study evaluating 33-mer peptide degradation by AMYNOPEP in healthy volunteers

Healthy volunteers were selected based on no previous history of CeD, NCGS, or wheat allergy. The study (German Register of Clinical Studies, DRKS00033108) was approved by the Ethics Committee of the University Medicine Greifswald, and was performed in adherence to the declaration of Helsinki (2013 Version), the Medical Association’s Professional code of conduct for Mecklenburg-Vorpommern (BOÄ M-V) and the data protection regulation of the EU (EU-DSGVO) and of Mecklenburg-Vorpommern (DSG-MV). Written informed consent was obtained from all volunteers prior to enrollment in the study.

Volunteers were divided into three cohorts, utilizing differently labelled 33-mer peptides and different food intake conditions. Two differently SI-labelled 33-mer peptides were used: (1) a comprehensively labelled 33-mer (LQLQP*F*PQP*QL*P*YP*QP*QL*P*YP*QP*QL*P*YP*QP*QP*F), and (2) a strategically labelled 33-mer (LQLQPFPQPQLPYPQPQL*PYPQPQLP*YPQPQPF). Bold asterisked letters indicate SI-labelled amino acids. The study was designed as a cross-over study, with study visits one week apart. During visit 1, each volunteer received the labelled 33-mer with apple juice, Peptamen, or wheat gluten without AMYNOPEP. During visit 2, each volunteer received the labelled 33-mer with apple juice, Peptamen, or wheat gluten plus AMYNOPEP. Consistently across the study cohorts, AMYNOPEP was prepared in a 1:1 enzyme ratio (20 mg of each enzyme) dissolved in 40 mL water with 500 mg sodium bicarbonate to neutralize gastric acid.

In cohort 1, volunteers (n=5) received 40 mL water with 500 mg sodium bicarbonate, and 5 min later, 50 mg of comprehensively labelled 33-mer dissolved in 20 mL water and 180 mL apple juice (week 1). Apple juice was treated with 2 g sodium bicarbonate before administration to neutralize fruit acids. In week 2, volunteers first received 40 mg of AMYNOPEP in 40 mL water with 500 mg sodium bicarbonate, and 5 min later, received the same treatment conditions as in week 1. In cohort 2, volunteers (n=5) followed the same study protocol as in cohort 1, but apple juice was replaced with 100 mL of Peptamen (containing partially hydrolyzed whey protein, 100 kCal, 4 g peptides per 100 mL; caloric content approximately similar to the volume of apple juice in cohort 1) neutralized with 1 g sodium bicarbonate. In cohort 3, volunteers (n=4) received 100 mg of strategically labelled 33-mer together with 5 g of wheat gluten dissolved in 180 mL of water (week 1). Wheat gluten was previously neutralized by 2 g of sodium bicarbonate. In week 2, volunteers received 40 mg of AMYNOPEP, and after 5 min, received the same treatment conditions as in week 1.

Blood samples were collected after 15 min, 30 min, 45 min, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h, and 24 h after treatments, and plasma amino acid levels were monitored at each time point by LC-MS/MS. In cohorts 2 and 3, additional blood samples were collected at 7.5 min and 22.5 min after treatments.





Sample preparation

Plasma samples were thawed on ice, mixed, and 100 µL of each sample was transferred to a 1.5 mL LoBind reaction tube. Plasma samples were precipitated after adding 200 µL of acetonitrile/methanol (10:1), and incubated on ice for 15 min. Samples were centrifuged at 16,000 g for 15 min at 4 °C. 100 µL supernatant was dried under nitrogen at 40 °C. Samples were reconstituted in 100 µL 0.1% formic acid and 5 µL was applied to the LC-MS/MS instrument.





Analysis of LC-MS/MS data

Labelled XP dipeptides and single amino acids (P*, L*, F*) in plasma samples were quantified by LC-MS/MS using Nexera LC40 HPLC system (Shimadzu, Duisburg, Germany) coupled to an API 6500+ ™ tandem mass spectrometer (AB Sciex, Darmstadt, Germany). For chromatographic separation an ACQUITY UPLC HSS PFP Column (100 Å, 1.8 µm, 2.1 mm X 150 mm; Waters, Eschborn, Germany) protected by a SecurityGuard C18 column (4x2 mm; Phenomenex, Aschaffenburg, Germany) was used. Chromatographic separation was performed at an oven temperature of 40°C and the solvent flow rate was set to 400 µL/min. Elution was achieved by varying composition of solvent A (90% acetonitrile + methanol (6 + 1), 0.1% formic acid in H2O) and solvent B (0.1% formic acid in H2O) using following LC conditions: 0-1.4 min 0% solvent A; 1.4-10.4 min 0-50% solvent A; 10.5-12.9 min 80% solvent A; 13-15 min 0% solvent A. To decrease the introduction of debris into the MS, a valve was directed to waste at 0.1-1 min and 9.5-14.9 min.

MS detection of labelled amino acids and XP dipeptides was performed in positive mode with curtain gas set to 40, gas 1 of 50, gas 2 of 70, temperature of 500°C and an IS of 3500. Detection was achieved using MS parameters and mass transitions listed in Supplementary Table 3.

The LC-MS/MS method was verified to be specific for the quantitative determination of P*, F*, L*, F*P*, LP* and L*P* in human plasma and urine. No interferences of the analytical signals with the biological matrix were observed. The calibration curves for labelled amino acids were linear between 0.002 µM and 5 µM for F*, P* and L*. This correlates to 0.24 to 605 ng/ml P*, 0.35 to 875 ng/ml F and 0.28 to 690 ng/ml L*. The calibration curves for F*P*, LP* and L*P* were linear between 0.005 µM and 5 µM. This correlates to 1.39 to 1390 ng/ml for F*P*, 1.17 to 1170 ng/ml for LP* and 1.21 to 1205 ng/ml for L*P*. The correlation coefficients for all analytes ranged between 0.9986 and 1.

Analysis of in vitro samples was performed semi quantitatively. Non-labelled XP dipeptides and single amino acids from in vitro samples were measured applying the method described above using mass transitions and MS parameters listed in Supplementary Table 1. To estimate total degradation, measurement of carboxy-terminal F that is only cleaved in the last step of 33-mer digestion by exopeptidases, was performed quantitatively. Detection of 33-mer and its degradation intermediates (28-mer, 16-mer, 9-mer, 7-mer and 5-mer; see Supplementary Table 2) was achieved using an ACQUITY UPLC BEH C18 Column (130Å, 1.7 µm, 2.1 mm X 50 mm (Waters) protected by a SecurityGuard C18 column (4x2 mm; Phenomenex, Aschaffenburg, Germany) for chromatographic separation. Chromatographic separation was performed at an oven temperature of 40°C and the solvent flow rate was set to 400 µL/min. Elution was achieved using following LC conditions: 0-4 min 0% solvent A; 4-6 min 0-15% solvent A; 6-20 min 15-30% solvent A; 20-26 min 30-40% solvent A, 26.1-28 min 60% solvent A, 28.1-31.2 min 0% solvent A. MS detection was performed in positive mode with curtain gas set to 40, gas 1 of 50, gas 2 of 50, temperature of 450°C and IS of 5500.





Pharmacokinetics analyses

LC-MS/MS-generated chromatograms were analyzed using Analyst 1.7.2 (Sciex, Darmstadt, Germany). The pharmacokinetics parameter AUC was calculated using GraphPad Prism version 8.0 (GraphPad Prism Software Inc., La Jolla, CA, USA). Partial AUCs were calculated manually using the trapezoidal rule.





Statistical analyses

Statistical analyses were performed using SPSS Statistics Version 28 (SPSS Inc., IBM, Chicago, IL, USA). To compare the effects between cohorts in the dipeptide resorption study the one-tailed Mann-Whitney-Test was applied. To compare the effects between enzyme supplementation and controls during the proof-of-concept study the one tailed Wilcoxon matched-pairs signed rank test was applied.
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Coeliac disease is an immune-mediated chronic enteropathy, with a prevalence of around 1% in the general population and occurring in genetically susceptible individuals after the ingestion of gluten proteins present in wheat, rye and barley. Currently, a strict lifelong gluten-free diet is the cornerstone of treatment of coeliac disease. However, maintaining strict dietary adherence is challenging for many patients, due to the high costs, the highly restrictive nature of the diet and the impact on patients’ quality of life. Moreover, a tiny minority of coeliac patients can develop pre-malignant/malignant complications of coeliac disease, a group of conditions, that despite being rare, are still burdened by a poor prognosis due to the lack of effective therapies. Therefore, the development of pharmacological treatments as an alternative to or supportive of a gluten-free diet is still an unmet need. The identification of new pathogenetic targets in the last years has enabled the development of several candidates molecules, many of which have been investigated in phase 2/3 clinical trials. In this narrative review we aim to summarise the investigational therapies that have been evaluated in phase 2/3 trials and provide a critical overview on the latest advances in this field.
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1 Introduction

Coeliac disease (CeD) is a chronic immune-mediated enteropathy developing in genetically susceptible individuals after the ingestion of gluten (1–4). CeD is characterised by a prevalence of around 1% in the general population, a very heterogeneous clinical picture and an increased mortality compared to the general population, predominantly due to the development of pre-malignant and malignant complications such as refractory CeD, abdominal lymphomas and small-bowel adenocarcinoma (1–6). A strict lifelong gluten-free diet (GFD) is the cornerstone of treatment for CeD, leading to resolution of symptoms and small bowel lesions in the vast majority of patients (1–4). However, great interest has been devoted to alternative/supportive therapies for several reasons (Table 1).



TABLE 1 Reasons for needing alternative/supportive therapies to a gluten-free diet.
[image: Table1]

Firstly, a GFD can be demanding for many patients to maintain due to psychological, economic and social barriers (7–10), and in addition to this, many patients also experience persistent symptoms despite a GFD (11–13). Persistence of symptoms despite a GFD is a common and relevant clinical scenario, that can affect up to 30–50% of coeliac patients and be due to many different underlying etiologies, either related or unrelated to CeD itself, and with significant variability in terms of clinical severity (11–13). In some cases, unsatisfactory response to a GFD can be due to development of malignant complications of CeD, which, although rare, are burdened by a very dismal prognosis and for which, currently, no standardised and curative treatments are available (14–16). Patients can also experience persistent symptoms due to voluntary or involuntary transgressions to a GFD, or because some of them have been reported to be supersensitive to gluten (11–13).

The dissatisfaction of many coeliac patients with a GFD (17) and their interest regarding the possibility of novel therapies (18), put together with recent developments into the underlying pathogenetic mechanisms of CeD (19) have provided ample fuel for research aiming to develop alternative or supportive non-dietary treatments for CeD.

This review aims to provide a state-of-the-art summary and a critical overview on the different types of non-dietary therapies for CeD that have been proposed and evaluated in phase 2/3 clinical trials so far.



2 Criteria for literature search

We performed a systematic search of the literature on experimental non-dietary therapies for CeD using the PubMed and Embase databases. The search was conducted on January 17, 2024 using search strings designed to identify relevant phase 2/3 trials focussing on CeD and its non-dietary treatments, including pharmacological and other experimental therapies. Only full-text papers were considered for inclusion. No temporal or language restrictions were applied to the search. The search terms encompassed various synonyms and keywords related to CeD and therapeutic approaches to ensure a broad coverage of the existing literature. The exact search strings used for each database are listed below:

- PubMed:

(celiac disease[mesh] OR coeliac disease[title] OR celiac disease[title] OR celiac disease[ot] OR coeliac disease[ot] OR gluten sensitive enteropathy[title]) AND (treatment[title/abstract] OR drug[title/abstract] OR pharmacological[title/abstract] OR trial[title/abstract])

- Embase:

(‘celiac disease’:ti,kw OR ‘coeliac disease’:ti,kw OR ‘gluten sensitive enteropathy’:ti,kw) AND (‘treatment’:ti,ab,kw OR ‘drug’:ti,ab,kw OR ‘pharmacological’:ti,ab,kw OR ‘trial’:ti,ab,kw)

Search results from both databases were then merged, and after removing duplicates, we screened the titles and abstracts of the retrieved articles to identify relevant studies. Additionally, we reviewed the reference lists of selected articles and reviews to identify any additional relevant studies that may not have been captured by our initial search.

The flowchart in Figure 1 illustrates the results of our literature search and our screening process for identifying eligible articles. Overall, 7,286 records were retrieved by our literature search. After removing duplicates and screening titles and abstracts, 69 papers were considered for inclusion. After full-text review 26 of them were included. Finally, 1 additional paper published after our literature search was also included, so 27 papers were included overall.

[image: Figure 1]

FIGURE 1
 Flowchart of studies included the review.




3 From pathophysiology of coeliac disease to therapeutic targets

A thorough description of the pathophysiology of CeD is beyond the scope of this review. However, we would like to provide the readers with a description of the different molecules tested so far, which have been classified according to their mechanisms of action and their specific pathogenetic targets. This is illustrated and briefly described in Figure 2.

[image: Figure 2]

FIGURE 2
 Therapeutic targets and mechanisms of action in coeliac disease. The figure illustrates the key steps in the pathogenesis of coeliac disease and highlights where current investigational therapies intervene. These therapies target different underlying mechanisms, including: (1) Glutenases (e.g., ALV003, AN-PEP) that enzymatically degrade immunogenic gluten peptides in the gastrointestinal lumen to prevent immune activation; (2) Intestinal barrier modulators (e.g., larazotide acetate) that enhance tight junction function to reduce intestinal permeability and prevent translocation of gluten peptides; (3) Tissue transglutaminase-2 (TG2) inhibitors (e.g., ZED1227) that block the deamidation of gluten peptides, reducing their immunogenicity; (4) Immunotherapies (e.g., Nexvax2, TAK-101) that aim to induce immune tolerance by modulating gluten-specific T-cell responses; and (5) Immunomodulators targeting pro-inflammatory cytokines (e.g., AMG 714, an anti-IL-15 antibody) to suppress immune-mediated intestinal inflammation. By disrupting various stages of the immune response to gluten, these therapies offer potential alternative or adjunctive treatments to the gluten-free diet in coeliac disease.




4 Peptidases to digest gluten

Gluten owes its immunogenicity to its high content of proline and glutamine, which are not efficiently degraded by the enzymes of the gastrointestinal tract. Consequently, these proteins are capable of triggering the immune response in individuals with CeD.

The degradation of gliadin peptides at the level of the stomach/intestinal lumen before they reach the lamina propria aims at preventing the activation of the immune cascade leading to the intestinal damage. This therapeutic approach is usually based on the use of peptidases able to degrade gluten through their proteolytic action, usually identified as to glutenases. Table 2 summarises the phase 2 trials on glutenases. Several trials have been conducted evaluating 2 different types of endopeptidases, namely ALV003 and AN-PEP (20–28), which are described below.



TABLE 2 Phase-2 studies on gluten digestive endopeptidase.
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4.1 ALV003 (latiglutenase)

ALV003, also known as latiglutenase, is the most commonly studied glutenase. ALV003 is a glutenase composed of two gluten-specific proteases: ALV001 and ALV002. ALV001 is a genetically engineered form of cystine endoprotease B, isoform 2 sourced from barley (Hordeum vulgare) while ALV002 is a modified form of prolyl endopeptidase extracted from the bacterium Sphingomonas capsulata. As of today, ALV003 is being studied through phase 2 trials as the molecule has progressed beyond phase 1 trials, demonstrating tolerability and safety (20).

In a randomised, double-blind study, the efficacy of ALV003 was evaluated by pre-treating food with this glutenase and assessing the T-cell response in 20 patients (including 10 treated with a placebo). Unlike the food pre-treated with ALV003, 6 out of 10 patients in the placebo-treated gluten group exhibited gluten-specific T-cell response in peripheral blood. Both groups, however, experienced gastrointestinal symptoms after ingestion. It is worth noting that, in contrast to other studies investigating ALV003 where a dose of 2 g of gluten for 6 weeks was administered (22, 24), this one involved the administration of 16 g (21).

In a randomised, placebo-controlled, double-blind clinical phase 2 trial by Lähdeaho et al., ALV003 appeared to mitigate gluten-induced damage to the small intestinal mucosa in patients with CeD, within the context of a daily gluten-free diet containing up to 2 g of gluten for 6 weeks, although a statistically significant difference in the presence of any symptoms was not found (22). Conversely, Murray et al. in a multicenter, randomised, double-blind, placebo controlled, dose-ranging study enrolled 494 symptomatic coeliac patients on a GFD for at least 1 year with duodenal mucosal atrophy to assess the efficacy and safety of ALV003. The primary endpoint evaluated any histological changes in the mucosa, while the secondary endpoints included the number of intraepithelial lymphocytes (IELs), antibody positivity, symptom frequency, and drug safety. Although the drug was well tolerated by all participants, the study’s endpoints were not achieved, as ALV003 failed to improve villous atrophy or reduce the severity and frequency of symptoms (23).

In a subsequent study including 50 patients receiving 2 g/day of gluten for 6 weeks and 1,200 mg of latiglutenase a reduction in both mucosal damage and symptom severity compared to placebo, was demonstrated (24).

In the ALV003–1221 clinical trial, a multi-center, randomised, double-blind, placebo-controlled study, although the primary endpoint to achieve histological improvement was not met, treated subjects experienced significant improvement in symptoms and quality of life (QOL). There was a statistically significant, dose-dependent reduction in the severity and frequency of symptoms (abdominal pain, bloating, tiredness, and constipation) in subjects treated with ALV003. Interestingly, Diarrhoea and nausea were the only symptoms which did not improve after receiving the glutenase (25).

Overall, ALV003 (latiglutenase) shows mixed prospects. While it demonstrated some efficacy in symptom reduction, inconsistent results across trials and failure to meet primary endpoints in larger studies suggest limited future development potential.



4.2 AN-PEP

An endoprotease derived from Aspergillus Niger named AN-PEP is able to degrade both whole gluten and gluten peptides into non-immunogenic residues within minutes (26). A total of 2 studies have evaluated AN-PEP so far (27, 28). Both these studies had limitations due to the small sample size and the short duration of gluten intake (2 weeks). In a randomised double-blind placebo-controlled pilot study, the safety and efficacy of AN-PEP were evaluated. However, prevention of histological damage after receiving gluten and AN-PEP, i.e., the primary endpoint, was not met, despite the overall good tolerability by all participants (27).

A recent RCT investigated the role of AN-PEP in reducing stool gluten immunogenic peptides (GIP). While the use of AN-PEP has been associated with a lower incidence of severe GI symptoms, it failed to meet the primary endpoint, as a significant decrease of stool GIP was not found in patients receiving AN-PEP when compared with the placebo group (28).

The presence of nausea, bloating and abdominal pain were the most commonly reported adverse events (AEs) during the administration of gluten-digestive peptidases; however, their incidence rates did not statistically differ from the placebo group.

To summarise, future development for AN-PEP appears limited due to its failure to significantly reduce GIP or prevent histological damage without major modifications to improve its efficacy.




5 Intestinal barrier modulators

The intestinal barrier, including its epithelial integrity and tight junctions, is obviously crucial in CeD (29). Tight junctions appear to play a particularly important role in CeD by maintaining intestinal barrier integrity. The main components of tight junctions include occludins, claudins, junctional adhesion molecules (JAM), and zonulin. After gluten exposure, epithelial cell rearrangement and loss of barrier integrity are observed, causing an inappropriate immune response to environmental antigens like gluten (29, 30). These observations prompted many researchers to conduct studies evaluating barrier modulators as alternative therapies to GFD.


5.1 Larazotide acetate

Four phase-2 studies have examined larazotide acetate, also known as AT-1001, an 8-amino-acid synthetic peptide able to decrease the intestinal permeability, by acting as an antagonist of the zonulin, a key protein in regulation of the gut’s tight junctions. Larazotide acetate is a paracellular permeability inhibitor derived from a protein produced by Vibrio Cholerae and it regulates tight junctions, preventing the passage of gluten into the mucosal lamina propria and the subsequent trigger of the inflammatory response. This drug has no effect on the transcellular passage of gluten (31, 32). Table 3 summarise the results of these studies.



TABLE 3 Phase-II studies on Larazotide.
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A recent meta-analysis of RCTs on larazotide acetate including 626 CeD patients who underwent ingestion of gluten ranging from 2.5 grams for 3 days up to 2.7 grams for 6 weeks, of which 456 receiving Larazotide acetate and 161 receiving a placebo, showed that the drug reduced the weekly number of symptomatic days and improved symptom severity scores compared to the placebo in patients undergoing gluten challenge. Unfortunately, it failed to demonstrate a reduction in intestinal permeability compared to placebo (33).

During treatment with larazotide acetate, no severe AEs were reported. As previously mentioned, it was able to significantly reduce the incidence of Diarrhoea, abdominal pain, and bloating, which were the most frequently AEs in both the intervention and control groups.

Despite Larazotide acetate’s ability to alleviate gastrointestinal symptoms, it seems unlikely to be a definitive cure for coeliac patients. Instead, it may be considered a complementary option to a GFD in patients with persistent symptoms rather than a substitute of GFD itself.

So far, larazotide investigations have been discontinued despite showing some promise in symptom management.




6 Modulators of the immune response to gluten

The third possible strategy to achieve gluten tolerance is to apply drugs that modulate the immune response to gluten and gluten-related peptides (34).

Several molecules and mechanisms have been investigated trying to block different pathways in CeD pathogenesis, as illustrated in Figure 2 and summarised in Table 4.



TABLE 4 Phase-2 studies on pharmacological modulators of the immune response to gluten and transglutaminase 2 inhibitor.
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6.1 Nexvax2

Nexvax2, was the first therapeutic vaccine created to treat CeD. It consists of synthetic peptides recognised by gluten specific CD4+ T-lymphocytes, leading to their non-reactivity to further gluten stimuli (35).

A phase 1 randomised placebo-controlled trial was initially conducted to evaluate the safety and tolerability of Nexvax2, highlighting that the vaccine did not cause changes in circulating lymphocyte subgroups and no significant changes in the villus-crypt ratio. A subsequent phase 2 study was conducted to evaluate the efficacy of Nexvax2, but it did not demonstrate any beneficial effect in lowering the levels of circulating coeliac antibodies (anti-tTG, anti-DGP), improving duodenal histology and reducing gastrointestinal symptoms (35–37). Regarding AEs, nausea and bloating were usually more frequent in Nexvax2 group (35, 36).

So far, trials on Nexvax2 have been discontinued after unsatisfactory results of phase 2 studies.



6.2 TAK-101

Recently, another drug used to induce immunotolerance was engineered, its name is TAK-101 and it consists of gliadin encapsulated in nanoparticles to induce tolerogenic effects (38).

By administering the drug TAK-101 intravenously instead of subcutaneously as Nexvax2, antigen-presenting cells (APCs) with tolerogenic properties in the liver and spleen are activated instead of APCs with immunogenic properties in the skin and lymph nodes. This different approach allows for the induction of an anergic state in gluten-specific T-lymphocytes, while simultaneously activating regulatory T-lymphocytes, which are crucial for achieving the desired tolerogenic effect.

In a phase 2a trial, 33 patients were randomised to TAK-101 and placebo. The number of circulating gliadin-specific IFN-gamma spot-forming T-cells in response to oral gluten challenge was reduced in TAK-101 group compared to placebo. Furthermore, this drug prevented the deterioration of villous-crypt ratio compared to placebo, even if this did not reach the statistical significance (p = 0.1). On the contrary, TAK-101 did not induce clinical changes and did not decrease the percentage of IELs (38).

TAK-101 was generally well tolerated, and no serious AEs occurred. Flushing, headache, back pain, were the most commonly reported AEs, with significant differences between treatment and placebo groups.

Regarding future perspectives, TAK-101 seems promising with its unique mechanism of action, but larger trials are needed to confirm preliminary results.



6.3 AMG 714

The monoclonal antibody AMG 714 administered by intravenous infusion exploits a different mechanism of action, namely the inhibition of IL-15 production by APCs and epithelial cells (39).

IL-15 plays a fundamental role in the activation and proliferation of lymphocytes, making CD4+ T-lymphocytes insensitive to the inhibition of regulatory T-lymphocytes and promoting the loss of tolerance to food antigens. AMG 714 did not induce statistically significant changes in the villous-crypt ratio compared with placebo, but only an improvement in lymphocyte density and clinical picture was observed. The authors therefore concluded that AMG 714 may be used beneficially in coeliac patients with persistent symptoms despite a GFD (39).

The effect of AMG 714 was also investigated for type 2 refractory coeliac disease (RCD) in a RCT, given its pathophysiological link with IL-15. After 10 weeks of AMG 714 or placebo, there was no difference between the groups in terms of histological endpoints; nevertheless, patients in the AMG 714 group showed improvement of symptoms compared to the placebo group (40). Serious AEs were reported in 5 patients (26.3%) in the AMG 714 group (pneumococcal infection, elevated transaminases, balance disorder, tuberculosis, and cerebellar syndrome). Safety profile was considered acceptable by the authors considering the severity of RCD type 2. Nasopharyngitis was also commonly reported in AMG 714 group compared to the placebo group (42%vs. 11%).

Overall, the results obtained for AMG714 were poorly satisfactory. Future developments are unlikely due to poor efficacy and concerns regarding its safety profile.




7 Inhibitors of tissue transglutaminase 2


7.1 ZED1227

ZED1227 is an orally administered small molecule tissue transglutaminase (TG2) inhibitor that selectively binds to the active form of TG2, thus preventing the formation of deamidated gliadin, its antigenic presentation resulting in gluten-induced T-cell activation (41).

In a double-blind, placebo-controlled study, ZED1227 demonstrated efficacy compared to placebo in reducing mucosal injury and preserving the villous-crypt ratio (p-value <0.001) in CeD patients undergoing a moderate-dose gluten challenge (3 g/daily for 6 weeks), in all proposed dosage (10, 50, 100 mg). Moreover, the effectiveness of ZED1227 has been shown to be dose dependent, with doses ranging from 50 to 100 mg exhibiting greater efficacy in preventing intestinal villous atrophy compared to 10 mg. Furthermore, 100 mg of ZED1227, was effective in inhibiting the increase of IELs consequently to gluten ingestion.

Regarding AEs, headache, nausea, vomiting were the most commonly reported, but there were no differences between groups, except for rash, which occurred in 3 patients (8%) in the 100 mg treatment group.

ZED1227 appears to be the most promising candidate drug with demonstrated dose-dependent efficacy and a good safety profile. It is likely to progress to further development and there is ongoing recruitment for a phase II, double-blind, randomised, placebo-controlled trial in coeliac patients with persistent symptoms despite a GFD (EudraCT/CTIS number 2023–506150-21).




8 Miscellanea


8.1 Probiotics

There is significant evidence that gut microbiota can influence and alter the immune system, playing an important role in maintaining a healthy state. Consequently, it is plausible that in genetically susceptible host, imbalances between microbiota and immunity could lead to the onset of a major immune-mediated inflammatory disease, including CeD (42, 43). Three randomised placebo-controlled trials have investigated the role of probiotics as an alternative to a GFD.

In a three-month double-blind, placebo-controlled randomised study, Bifidobacterium longum CECT7347 was found to attenuate the inflammatory effects of dysbiotic intestinal microbiota, decreasing peripheral CD3+ T lymphocytes (p = 0.004), slightly reducing TNF-α concentration (even though it was not statistically significant, p = 0.067), reducing the numbers of the Bacteroides fragilis group (p = 0.02) and the content of fecal IgA (p = 0.011) (44).

Others examined the role of VSL#3™, a well-known probiotic mixture used in inflammatory bowel disease, on patients with CeD. Harnett et al. randomised 42 CeD patients with only partial symptom improvement despite strict adherence to a GFD, in a group treated with VSL#3™ and a placebo group for 12 weeks (45). Unfortunately, no significant differences were found between the two groups at the end of the treatment in bacteria, mycotoxins, or parasites composition, nor for blood urea levels or urinary organic acids.



8.2 Rifaximin

Rifaximin is a non-absorbable, broad spectrum antibiotic, which acts as an inhibitor of bacterial RNA synthesis and it is mainly used to treat travelers’ Diarrhoea and irritable bowel syndrome. Chang et al. conducted a single-center, double-blind, randomised, placebo-controlled study involving 50 patients to evaluate the improvement of gastrointestinal symptoms in patients with non-responsive CeD with a dose of 1,200 mg per day for 10 days of rifaximin. After randomisation, authors concluded that rifaximin did not improve symptoms in CeD patients with persistent gastrointestinal symptoms following a GFD (46).



8.3 Budesonide

The efficacy of budesonide for RCD is well known, on the contrary fewer were the studies about its role in acute reactions to gluten or as alternative of GFD (47, 48).

The impact of budesonide was assessed, in an in vivo and in vitro pilot study, in 20 patients randomised to GFD with or without 6 mg/day of budesonide (49).

Individuals receiving both a GFD and budesonide reported higher well-being scores, increased body weight, reduced frequency of evacuations, and decreased stool weight compared to those on a gluten-free diet. Duodenal biopsies in CeD patients and non-CeD patients were exposed in vitro to gliadin (0.5 mg/mL) and budesonide (10–30 μg/mL) for 3 and 24 h. In vitro budesonide led to a decrease in epithelial tyrosine phosphorylation and histocompatibility leucocyte antigen complex DR (HLA-DR) expression induced by gliadin-derived peptides and in cyclo-oxygenase (COX)-2 and intercellular adhesion molecule (ICAM)-1 in the lamina propria compared to those treated with gliadin alone (49).

Budesonide was also assessed to evaluate its effect on histological response, but no statistically significant differences were observed regarding Marsh grading and villous-height in the studies (48, 50). No major AEs occurred during the therapy with budesonide.



8.4 Necator americanus

Parasitic helminths may potentially regulate gut microbiota and alter the progression of inflammatory disease.

A successful small trial (12 patients) was conducted by an Australian team by inoculating subcutaneously Necator americanus larvae in CeD patients undergoing gluten challenge (GC), which prevented the worsening of villous trophism and symptoms (51). However, a subsequent larger (54 patients) randomised, placebo-controlled trial failed to reproduce the previous results but confirmed the protective effects on symptoms (52). However, the inoculation of Necator americanus larvae appeared safe, with no severe AEs occurred.




9 Clinical trials pitfalls

A major problem of the trials conducted so far is the heterogeneity of aspects related to the populations recruited, the endpoints and the outcomes measures. Thus, this represents a barrier to compare and generalise the results of these studies. We will briefly discuss the major pitfalls emerging from phase 2 trials conducted so far.


9.1 Concept of cross contamination

Cross-contamination and inadvertent gluten intake have always been a significant fear for coeliac patients to cope with. However, to define the concept of cross contamination to a GFD is very difficult, as currently no precise definition exists in the literature. It is well known that 50 mg of gluten/day for 90 days represents the minimal toxic dose for coeliac patients; on the other hand, 10 mg of gluten/day is the maximum non-toxic amount of gluten for coeliac patients (53, 54). With regard to these doses of gluten, it has been previously shown that 50 mg of gluten (equivalent to 0.05 grams of gluten) are contained in food samples that a well instructed and conscientious coeliac patient is not likely to eat by mistake. In practical terms, 50 mg of gluten are contained in a large breadcrumb, with a size of approximately 1–2 cm, if we consider that gluten is 75% of the whole protein content of wheat (55). In the trials conducted so far where gluten was administered to patients, the dose varied between 2 g (roughly equivalent to a slice of bread or a packet of crackers) and 16 g per day (roughly equivalent to a large serving of Italian pasta) (20–39, 56, 57), which is definitely a toxic dose of gluten that is very unlikely to be eaten by mistake. A recent international consensus on outcomes measures for CeD trials established that 9 g of gluten/die is the maximum amount tolerated for clinical trials to simulate normal ingestion (58), which is more or less the equivalent of 90 gr of common Italian pasta (a medium portion).

Another relevant aspect to consider is that, although inadvertent gluten intake has been repeatedly reported as a leading cause for persistent symptoms in CeD (11–13), particularly in those patients who may be supersensitive (59), it is very difficult to properly ascertain its causative role in clinical practice. In this regard, a recent study by our group showed that minimal and inadvertent ingestion of gluten in coeliac patients who had been correctly instructed on how to follow a GFD is likely to have no role on triggering intestinal symptoms (60).




10 Study population

Heterogeneity of coeliac patients enrolled in the trials is another point to critically consider. The vast majority of trials enrolled adult coeliac patients with confirmed diagnosis based on both serology and duodenal histology, who have been on a GFD for at least 6–12 months even without evidence of histological response to a GFD at time of enrolment. Additionally, the majority of them lacked a ‘baseline biopsy’ before recruitment into the trials, and only some of them performed a follow-up duodenal biopsy in the 6 months prior to enrolment due to clinical reasons (21, 32, 36, 57).

Adequate knowledge of the GFD is a crucial requirement for coeliac patients, and several reports highlight the association between a comprehensive knowledge of gluten-free living and a better adherence to a GFD (61–63). Consequently, knowledge about a GFD should be assessed before enrolment in a clinical trial, but unfortunately this has not been systematically done and was limited to self-reported adherence.

Furthermore, HLA DQ2.5 typing was also used as a diagnostic criterion for many trials (21, 35–37), which potentially represents a limit towards excluding other patients expressing HLA-DQ8 molecules or other rarer haplotypes such as HLA-DQ2.2 and HLA-DQ7.5.

Special subgroups such as CeD patients with persistent symptoms and refractory CeD were only rarely included and evaluated (23, 40), unfortunately with unsuccessful results.

Finally, all the trials conducted so far involved adult coeliac patients only and no data on pediatric populations are available. This is an important aspect to be considered in the future, also based on recent EU regulations.


10.1 Gluten-challenge (dose, duration, vehicle)

A major factor to consider in the evaluation of drug efficacy is the administration of a gluten challenge. In fact, dose, vehicle of gluten administration and duration of gluten-challenge in trials have not been standardised so far. As previously mentioned, GC dose varied between 2 g and 16 g per day (20–39, 56, 57). This aspect is even more challenging if we consider that also in clinical practice diagnostic gluten-challenge is complex to perform. A recent ESPGHAN position paper (64) provides guidance on how to perform GC in children, although this is mainly based on expert opinion, whereas in adults no guidelines provide guidance for gluten challenge (65–67). Table 5 summarises the main concerns related to GC in clinical trials.



TABLE 5 Phase-2 studies performing gluten challenge.
[image: Table5]

Run-in periods are useful to reduce drop-outs from a trial (68); however, run-in periods were introduced only in 5 trials (24, 27, 32, 36, 37). Recently, run-in periods have been suggested for trials contemplating gluten-challenge in order to increase compliance and reduce confounding in the evaluation of symptomatic response (58).

The length of GC varied greatly among studies, ranging from a single bolus dose to up to 10 weeks in one case (31, 37, 39). Furthermore, the type of gluten vehicle was not standardised and several different methods of administration were used, such as capsules but also baked products such as cookies, bread and biscuits that may be rich in fermentable oligo-, di-, and monosaccharides and polyols (FODMAP) (32, 35, 39, 40, 57), which are known to trigger symptoms in IBS and also in coeliac patients on a GFD (69, 70).

Additionally, the adherence to GC in the trials was not extensively evaluated, neither with specific questionnaires nor with objective tools such as GIP (24, 28). Lastly, the influence of the so called ‘trial effect’ on patients enrolled in trials should also be considered, as this may lead patients to improve their adherence to the GFD, potentially confounding the beneficial effect of the drug compared to controls (23).



10.2 Histological outcomes measures

The precise definition of histological recovery is a mandatory outcome to establish before starting a trial. This concept is challenging also in clinical practice, as many parameters should be considered such as the patchiness of duodenal lesions, the amount of time required for healing, the histological criteria adopted. So far, histology has been the primary endpoint of 5 trials (22–24, 39, 41) and this was effectively met only in one (41). Moreover, different methods (villous height to crypt depth (Vh:Cd) ratio, lactulose-to-mannitol (LAMA) ratio and densities of IELs) have been used to evaluate histological changes, which makes it difficult to compare the results and inevitably introduces an observer variability. Indeed, LAMA is not specific for CeD, but it only provides an indirect and less appropriate measure of histological damage by assessing intestinal permeability (31, 32, 56, 57). According to a recent consensus, a Vh:Cd ratio ≥ 2.5 or ≥ 3 or Marsh 1 lesions were considered necessary criteria to enter a trial where gluten challenge is performed in order to avoid the ethical concerns related to offering gluten to patients with persistent villous atrophy (58).



10.3 Inclusion of patient related outcomes

The use of PROs as trial endpoints has been gaining importance over the last decade, due to their extensive application in pharmacological trials, particular those related to inflammatory bowel disease and functional gastro-intestinal disorders (71–73).

PROs provide measures of patients’ QOL and assess how objective clinical effects alter the subjective sphere and viceversa. Indeed, patients’ clinical characteristics such as anxiety, resilience and hyper-vigilance could potentially skew the results, contaminate trial’s endpoints and change symptoms perception (74–76). Furthermore, PROs promote a more patient-centered evaluation and regulatory agencies such as the European Medicine Agency and the Food and Drugs Administration have also recognised their significance.

Few CeD trials have investigated PRO (37, 56), but their inclusion is desirable in future trials as suggested by a recent international consensus (58).




11 Considerations on efficacy of alternative pharmacological drugs

This review has summarised the current evidence about molecules evaluated in phase II trials in the last two decades, which may potentially support/replace the GFD in coeliac patients. The pursuit of an alternative, non-pharmacological therapy to GFD is highly requested by patients and industry and could represent a significant improvement in all instances where conventional therapy alone is insufficient. Although the development of alternative therapies has spanned over two decades, with varying degrees of industry interest and investment, several factors have contributed to the slow progress, including the complexity of the disease mechanism, challenges in trials design, and the high bar set by the effectiveness of the GFD.

In fact, so far, none among the proposed molecules has yet demonstrated a significant efficacy, particularly in the prevention of gluten-induced histological damage. Indeed, promising preliminary phase-II results have been observed only with ZED1227, a transglutaminase-2 inhibitor, whose administration has reduced gluten-induced mucosal damage, demonstrating a good safety profile (41). However, the small sample size precludes to give definitive results. This molecule is currently undergoing a phase IIb trial, under the name rebranded in TAK-227 (EudraCT number 2020–004612-97) (77).

The remaining therapies aiming to induce immune tolerance to gluten have failed to meet the primary endpoint represented by the prevention of the histological damage, although a minimal positive effect on the prevention of gluten-induced damage has been shown for TAK-101 (38). For this reason, a new trial is currently ongoing (NCT04530123) (78).

Currently, phase 2 studies on glutenases are yielding disappointing results regarding their effectiveness, particularly in the prevention of mucosal damage after gluten challenge. Therefore, their potential target population may be represented by patients with ongoing symptoms despite a GFD and no histological damage.

Larazotide held high interest in the past, but now it is clear that it is unable to prevent mucosal damage (31, 32, 56, 57). Nevertheless, it may be still considered for symptoms control in the absence of mucosal damage/organic disorders.

In conclusion, the possibility to develop alternative or supportive therapies to a GFD still remains a priority in the research agenda in this field. Identification of specific subgroups of patients and meaningful endpoints together with uniformity in the trial methodology are major areas to implement in the future.
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Typing of HLA susceptibility alleles as complementary tool in diagnosis of controversial cases of pediatric celiac disease
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Objectives: Diagnosis of celiac disease (CeD), an immune-mediated disorder, is based on clinical presentation, a panel of serological markers, and the histopathological findings in duodenal biopsies. Commonly, pediatric CeD patients fulfill these criteria for diagnosis. However, lack of correlation between serology tests and histology, or no accessible biopsies because of clinical conditions or during the COVID pandemic, are conditions that led to inconclusive diagnoses. Since the majority of CeD patients carry HLA-DQ2 and/or DQ8 alleles, HLA testing is used as a complementary tool in diagnosis though is costly and not broadly available for gastroenterology centers.

Methods: We performed a retrospective study to assess the performance of HLA testing when applied to selected groups of patients who could not be definitely diagnosed following the common algorithm. Eighty patients underwent testing for CeD-related HLA-DQ2 and DQ8 alleles.

Results: HLA typing contributed to diagnosis in 34 patients with positive serology but normal mucosa or those who presented negative serology or slightly positive serology (less than 3 times ULN) and duodenal histopathological changes. In patients with normal histology and negative or slightly positive serology, or those who did not undergo intestinal biopsy (39 in total), HLA typing contributed to CeD diagnosis in 23 cases, only 16 patients were admitted for a clinical follow-up program.

Conclusion: HLA-DQ typing supported the diagnosis in 57 of 80 children (71.2%) with previously inconclusive results, providing a beneficial approach for diagnosing celiac disease (CeD) in selected cases.
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1 Introduction

Celiac disease (CeD) is one of the most prevalent immune-mediated chronic gut disorders, that develops in genetically susceptible individuals, triggered by the intake of a group of proteins from wheat, barley, and rye, commonly named as gluten. Diagnosis of CeD is based on the clinical presentation, presence of a panel of specific antibodies in peripheral blood, histological demonstration of mucosal damage in duodenal biopsies, and clinical improvement when patient adheres to a gluten-free diet (GFD). CeD may appear at any age with typical gastrointestinal symptoms, but also with minimal and variable intestinal and extraintestinal manifestations, or even with an asymptomatic presentation. CeD is also associated with type I diabetes, autoimmune thyroid disease or other conditions such as Down syndrome and IgA deficiency (1).

Genes encoding for alpha and beta chain of HLA class II molecules are the most strongly genetic factor associated to CeD. Four HLA class II alleles account for the highest relative risk for an HLA-disease association. These are commonly described as HLA-DQ2.5 (encoded by either a cis haplotype: HLA-DQA1*0501/HLA-DQB1*0201 or a trans haplotype configuration HLA-DQA1*0501/HLA-DQB1*0301 and HLA-DQA1*0201/HLA-DQB1*0202), HLA-DQ2.2 (encoded by HLA-DQA1*0201 and HLA-DQB1*0202), the HLA-DQ8 heterodimer (encoded by the HLA-DQA1*0301 and HLA-DQB1*0302), and rarely the DQ7.5 type (encoded by the HLA-DQA1*05 and HLA-DQB1*0301). Though almost all CeD patients carry one or a combination of these alleles, these are also frequent in non-CeD individuals. Very few CeD cases not carrying any of the HLA susceptibility alleles have been reported (2). Consequently, the absence of these alleles makes very unlikely the disease (high negative predictive value), while their presence is not confirmatory (low positive predictive value) (3, 4).

The prevalence of CeD is estimated at around 1% worldwide, however, this disorder is deeply underdiagnosed. Poor disease awareness, failures in the health system, particularly in developing regions, increasing findings of asymptomatic presentations, and drawbacks during the diagnostic protocol, result in a high rate of undiagnosed patients (5).

Reference centers have followed different algorithms for the diagnosis of CeD, according to their own experiences or performance of each step in the procedure (clinic, laboratory, and pathology evaluations). In the year 2012 the European Society for Pediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN) proposed that the diagnosis of CeD may definitely be established in patients with compatible symptoms having anti-transglutaminase 2 (TG2) IgA levels 10 times above the cut-off value, followed by positive IgA EmA in a second blood sample, and carrying HLA-DQ2 and/or DQ8, avoiding the requirement of the intestinal biopsy (6). More recently, this consensus was reviewed and the current ESPGHAN recommendation considers that positive serology (anti-TG2 IgA levels 10 times above the cut-off value) plus EmA positivity determines the diagnosis even in asymptomatic patients. As HLA typing does not provide a cost-effective outcome, it was not recommended (7).

CeD diagnosis can be reached in most of the cases following these guidelines, however, complex situations are sometimes observed in clinical practice. Asymptomatic presentation, lack of correlation between serology and histological findings, unavailable biopsies, and starting the gluten-free diet (GFD) before performing complete investigations may lead to difficulties in reaching a final diagnosis. Additional studies, such as the evaluation of intraepithelial lymphocytes subsets by flow cytometry (8), biomarkers as intestinal FABP in serum (9, 10), intestinal deposits of anti-TG2 IgA (11), may help to solve these cases, but these tools are still not broadly available.

Algorithms followed by different specialized gastroenterology units may include HLA-DQ typing but this technique is costly and is not easily available for most of the centers (3). Therefore, we aimed to assess the impact of performing HLA-DQ typing when applied to selected groups of patients who could not be diagnosed following the routine protocol as a consequence of normal histology or negative serology, or lack of histopathological assessment due to the lack of endoscopy procedures because of clinical conditions, parental denial, or COVID pandemia.



2 Materials and methods

A total of 360 pediatric patients between 1 and 16 years old were diagnosed as CeD in the period between January 2015 and July 2023, at the gastroenterology Unit of Sor María Ludovica Children’s Hospital in La Plata (Argentina). This Hospital is a reference center for the diagnosis of CeD and the patients were referred from different Public Health Units of the Province of Buenos Aires. Patients followed a protocol for Celiac Disease diagnosis in the Gastroenterology Unit.

The diagnosis of CeD was based on the clinical presentation, serology, and histological analysis of intestinal biopsies. Patients with suspected CeD and/or positive serology underwent upper endoscopy, except in those for whom the procedure was not medically indicated. HLA-DQ typing was performed in all patients. After diagnosis, patients were evaluated by a nutritionist to start the GFD. Patients were followed up to monitor dietary compliance to the diet and for clinical examination.

This retrospective study included 80 pediatric patients with suspected CeD whose clinical evaluation, serology, and histopathological findings did not support a definite diagnosis of CeD or those in whom upper endoscopy procedure could not be performed.

Cases diagnosed as CeD on the basis of concordant clinical presentation, positive serology and histopathological findings in the duodenal biopsies, as well as type 1 diabetes mellitus patients, were excluded from this study.


2.1 Clinical presentation

Gastrointestinal symptoms included chronic diarrhea, abdominal pain, bloating, and weight loss. Extraintestinal symptoms were anemia, decreased bone mineralization, increased levels of liver enzymes, dermatitis herpetiformis, short stature, and delayed puberty.



2.2 Serology

Serum samples were kept frozen at −20°C until analysis in the Immunology Section of the Hospital de Niños Sor María Ludovica. IgA anti-TG2 antibodies were determined by an ELISA test (Quanta Lite R H-tTG ELISA, Inova Diagnostic). IgG anti-DGP were performed by an ELISA test [QUANTA Lite® Gliadin IgG II (DGP), Inova Diagnostics]. Total serum IgA concentration was determined by nephelometric technique (IMMAGE® 800, Beckman Coulter).

Samples presenting IgA anti- TG2 antibodies <20 UA/mL were considered normal. Positive samples were defined as presenting IgA anti-TG2 antibody levels higher than the upper level of normal (ULN). Serology values for IgA anti-TG2 antibodies of 200 UA/mL and 60 UA/mL correspond to 10× ULN and 3× ULN, respectively. All positive samples for anti-TG2 antibodies were evaluated in a second separated blood sample for IgA anti-endomysial antibodies (EMA) (Inova Diagnostics).



2.3 Intestinal biopsy

The small intestine biopsy was performed by upper gastrointestinal videoendoscopy under general anesthesia. A Fujinon 530 video esophagoduodenoscope (Video-Gastroscope Fujinon EG-530D) was used. During the procedure, the second portion of the duodenum was reached, 4 samples of the second duodenal portion (D2) and 2 biopsies of the duodenal bulb were taken. The samples were placed in formalin for histological evaluation following Marsh–Oberhuber classification (12).



2.4 HLA-DQ typing

Genomic DNA extraction from white blood cells was performed using the QIAamp® DNA Blood Kit (QIAGEN® Inc., Valencia, CA). High resolution HLA genotyping was performed by multiplex polymerase chain reaction (PCR) with biotinylated primers, followed by reverse hybridation of the PCR products with arrays of sequence-specific DQA1 and DQB1 oligonucleotide probes. This is followed by a stringent wash step to remove any mismatched amplified material. Then, streptavidin conjugated with alkaline phosphatase is added and bound to any biotinylated hybrid previously formed; using INNO-LIPA HLA-DQ kits, according to the manufacter’s instructions (Fujirebio, Gent, Belgium). Results were analyzed by using the sixth version of the LiRAS interpretation software for LiPA HLA. The nomenclature was based on “Nomenclature for Factors of the HLA System, 2010” (13).



2.5 Patient groups

The patients with suspected symptoms included in the study population were divided into 4 groups as follows:

Group 1: Patients with positive serology and small intestine with normal histology.

Group 2: Patients with negative serology and small intestine with normal histology.

Group 3: Patients with negative serology and small intestine with histopathological changes (Marsh 2 or 3).

Group 4: Patients with who did not undergo intestinal biopsy due to medical contraindication.

When a definite diagnosis could not be reached, patients with symptoms suggestive of celiac disease were included in a follow-up program. In these cases, clinical evaluation was performed every 6 months while serological testing on a normal gluten-containing diet was performed every 12 months.

In the period from 2015 to 2023, patients in Group 1, 2 and 3 underwent endoscopy and histological assessment of intestinal biopsy based on the guidelines from Celiac Disease Expert Committee approved by the National Health Ministry in Argentina (14).



2.6 Statistical analysis

Statistical analysis was performed with Graph-Pad Prism software (San Diego, United States). A chi-square test was applied to assess statistical significance.




3 Results

In this study, a total of 80 pediatric patients out of 360 with gastrointestinal symptoms did not reach a final diagnosis after the first work-up due to lack of histological evaluation or discrepancy between the serological and histopathological findings. To assess whether HLA-DQ typing can contribute to the diagnosis of CeD, these cases were distributed into the four groups described in section 2.5.


3.1 Group 1

Group 1 included 27 patients with compatible gastrointestinal symptoms and positive serology but a normal villous architecture at the small intestinal biopsy. According to current knowledge, these are cases of “Potential” CeD, a condition that may evolve into fully-expressed CeD or revert to normal over time (5). Fourteen of them (52%) presented both anti-TG2 antibodies at high titer (>10 times ULN) and EMA positivity. All these cases presented compatible HLA and were definitely considered as affected by CeD. Upon discussion with the family, patients started a GFD and all of them showed a positive clinical response (Figure 1). Thirteen other patients had anti-TG2 antibody low levels ranging from 1 to 3 ULN. Among these, six patients were excluded from having CeD as they tested negative for EMA and lacked HLA susceptibility alleles (22%). The remaining seven patients (26%), who had HLA predisposing genes but were EMA negative, were enrolled in a follow-up program and left on a normal diet.
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FIGURE 1
 Flowchart for Group 1. Patients with positive serology and small intestine with normal histology. CeD, celiac disease; anti-TG2, anti-transglutaminase 2 antibody levels; ULN, upper limit of normal; EMA, anti-endomysial antibody; HLA, patients carrying the HLA CeD-compatible alleles.




3.2 Group 2

Group 2 comprised 18 patients who had suggestive symptoms, negative serology, and normal histology. CeD was ruled out in seven patients because they lacked HLA predisposing genes. The remaining 11 patients, with persistence of symptoms and compatible HLA genes, were maintained on a normal diet and entered a follow-up program (Figure 2A).
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FIGURE 2
 Flowchart for Groups 2 and 3. (A) Patients with negative serology and small intestine with normal histology. (B) Patients with negative serology and small intestine with histopathological changes. CED, celiac disease; anti-TG2 (−), negative anti-transglutaminase 2 antibody levels; HLA+, patients carrying the HLA CED- compatible alleles.




3.3 Group 3

Group 3 included 14 patients with compatible symptoms, negative serology and histopathological changes in the small intestine (Marsh 2, 3 score). HLA predisposing alleles were absent in 7 cases, ruling out CeD. The remaining 7 patients carried HLA susceptibility alleles. Among them, four patients were under 3 years old, exhibited low levels of IgA, and had a Marsh 3 score. A GFD was introduced, leading to a positive clinical response (Figure 2B).

In the search for other causes (i.e., upper digestive bleeding and esophageal atresia), Marsh 3 scores were occasionally observed in the duodenum of two patients. After excluding other conditions such as inflammatory bowel disease, dietary allergies, HIV, and primary immunodeficiency, these two patients were placed on a GFD, resulting in a favorable clinical outcome. Endoscopy and duodenal biopsy 6 months after starting the GFD showed mucosal recovery, and patients were diagnosed with seronegative CeD. The remaining patient presented with severe malnutrition, negative serology, and a Marsh 3 score in the duodenal biopsies. After a positive response to the GFD, and the assessment of duodenal biopsy 6 months later, a diagnosis of CeD was confirmed. The frequency of seronegative CeD was 3/360 CeD patients.



3.4 Group 4

Group 4 included 21 symptomatic patients who, due to pre-existing clinical conditions such as heart disease, epilepsy, or severe malnutrition, could not undergo endoscopy. In addition, this group included children who suffered from gastrointestinal symptoms during the COVID-19 pandemic. According to the recommendations of the different Scientific Societies, endoscopy procedures were not performed during this period.

Seven patients presented a negative serology, 4 of them presented a not compatible HLA and CeD was ruled out. The remaining 3 presented compatible HLA and symptoms, therefore were admitted to the follow up program. Eleven cases presented anti-TG2 levels higher than 10 UNL. All of them were EMA positive, carried compatible HLA and were diagnosed as CeD. In these cases, HLA typing was requested following the local guidelines (13).

Finally, there were 3 patients with anti-TG2 levels between 1 and 10 UNL and compatible HLA. Two of them were EMA positive and were diagnosed as CeD. Then a good response to the GFD was observed. The remaining case presented anti-TG2 levels below 3 UNL, EMA negative and was admitted in a clinical and serological follow-up program (Figure 3).
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FIGURE 3
 Flowchart for Group 4. Patients with who did not undergo intestinal biopsy due to medical contraindication. CeD, celiac disease; anti-TG2, anti-transglutaminase 2 antibody levels; ULN, upper limit of normal; EMA, anti-endomysial antibody; HLA+, patients carrying the HLA CeD-compatible alleles.





4 Discussion

Cases showing a discrepancy between the results of serological markers and duodenal histology or those who do not undergo an endoscopy procedure to take duodenal biopsies are common causes for inconclusive CeD diagnosis. HLA typing is a costly technique and is not easily available in many gastroenterology centers. However, this is a valuable tool to exclude the disease when patients do not carry the CeD-compatible alleles and could be beneficial when applied in selected groups of patients.

As the Caucasian central European is the main ethnic contribution to the population studied, DQ2.5 was the most frequent allele found (23 out of 32 diagnosed patients, 16 of them homozygous) (Table 1).



TABLE 1 HLA alleles distribution.
[image: Table1]

Studies from European populations have shown the dominance of the DQ2 allele in celiac patients (15). However, other ethnic groups may exhibit different patterns. For instance, research on Indian populations (16) and Native Amerindians in Argentina (17), Chile (18), and Mexico (19) has identified DQ8 as the most frequent allele contributing to CeD. Additionally, the prevalence of the DQ7 allele varies among celiac patients across different communities (20).

Altogether, this study shows that HLA typing may contribute as a useful complementary tool in the diagnosis of CeD (Figure 4A). Group 1 included patients with so-called potential CeD (5), a situation that may be difficult to ascertain in clinical practice due to the discrepancy between the results of CeD serology and intestinal histology. HLA determination was a useful confirmatory test in 52% of these cases, but at the same time helped to exclude CeD in further 22%, therefore leaving only 26% of patients in need of follow-up to reach a final diagnosis. In Group 2, cases presented the typical condition in which absence of HLA susceptibility alleles ruled out the pathology, while the low level of antibodies or negative serology determined that patient entry in a follow-up program. In Group 3, all cases received a conclusive diagnosis either because they were CeD or disease was excluded. Noteworthy in this group, two patients younger than 3 years old presented with severe malnutrition, abdominal distention, and chronic diarrhea. Serology was negative, likely secondary to their poor nutritional state. Histopathological assessment revealed severe villous atrophy. These patients followed a GFD with good response. In these cases, HLA evaluation supported the diagnosis. HLA typing was found helpful to select a group of seronegative or presenting low anti-TG2 antibody levels individuals at risk (17), or to exclude the disease when HLA was not compatible. Group 4 included patients evaluated during the COVID pandemia. As a referral center in the Buenos Aires Province, 400 endoscopies are performed in average, with 40–50 diagnosis of CeD per year. However, during the pandemia, endoscopy procedures were solely performed in extreme emergency cases. As a result, HLA evaluation was useful in supporting the CeD diagnosis in these cases. Considering the results across all study groups, it is evident that HLA typing contributed in making a diagnostic decision in a significant number of cases (p = 0.0016) (Figure 4B). As mentioned before, the highest contributions were observed in Groups 1, 3, and 4, where HLA typing contributed to the diagnose in 74, 100, and 76% of cases, respectively. In Group 2, HLA typing contributed to the diagnosis in only 39% of cases.
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FIGURE 4
 (A) Performance of HLA typing to CeD diagnosis per group. (B) Impact of HLA typing on diagnosis in study groups. The comparison of diagnosed cases before (pre-test) and after (post-test) HLA typing revealed a significant overall difference (p = 0.0016). Statistical analysis for each group is as follows: ● Group 1 (p = 0.019), ■ Group 2 (p = 0.481), ▲ Group 3 (p = 0.0001), ▼ Group 4 (p = 0.027). A chi-square test was applied to assess statistical significance.


As indicated, patients with persistent and isolated low level of anti-TG2 antibodies were included in a clinical and serological follow up protocol. Some of these patients will be eventually diagnosed as CeD, while others may normalize the serology. In a prospective study, Auricchio et al. (21) reported that 32% of 280 potential CeD patients enrolled in the study have presented negative serology in successive blood samples and none of them developed villous atrophy over 60 months of follow up. This exemplifies the complex scenario for CeD diagnosis for some of the cases. Although not tested in our study due to the limited number of cases, DQ typing may also be beneficial for individuals already on a gluten-free diet (GFD) (22). This aspect is highly relevant and warrants further evaluation in referral centers that could enroll large number of patients.

HLA typing has typically been used as an exclusion criterion in the absence of susceptibility HLA. However, various diagnostic algorithms have highlighted the importance of positive results as well. The study by Lionetti et al. (23) demonstrated the value of HLA typing as a mass screening tool in the pediatric population.



5 Conclusion

In summary, though HLA-DQ typing is not required for CeD diagnosis in all cases, it is a valuable complementary tool in evaluating cases with suspected CeD, emphasizing its crucial role in ruling out the disease when negative and providing diagnostic support in challenging clinical situations. Since it is expensive and not broadly available, here we show that its use in selected groups of patients such as in the context of serology-histology discrepancy, lack of upper endoscopy and histological assessment, contribute to the diagnosis of celiac disease.
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Type of

the
condition

Clinical
manifestations

Typical
celiac
disease

diarrhea
with
steatorrhea
anorexia
vomiting
flatulence
abdominal
discomfort
growth
retardation
severe
malnutrition
nutritional
deficiencies
anemia
delay in the
onset

of puberty

Atypical celiac disease

small stature

skin-mucosal manifestations
osteoarticular, dental or skin appendages
(hair) damage

endocrinopathies

hematological or neuro-psychic disorders
increased risk of developing autoimmunity
recurrent abdominal pain

altered liver enzymes

food allergy

intermittent, noncyclic fever, of unknown
origin

accompanying pathologies: duodenal ulcer,

recurrent (pseudocystic) pancreatitis,
splenomegaly (important to differentiate from
a lymphoproliferative disorder), urolithiasis,
severe thrombocytosis, central retinal vein
occlusion or Henoch-Schoenlein purpura
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Associated

manifestations

Constitutional features —  Stature deficit
—  Excess weight

Biological disorders — Anemia (iron deficiency,
inflammatory, aplastic
thalassemia)

—  Elevated transaminases
— Hypoalbuminemia

— Coagulopathy

- Severe thrombocytosis
— Anti-phospholipid
antibodies

— Hydro-

electrolytic imbalances

Systemic disorders General:

— Non-alcoholic
steatohepatitis

— Hypotension

—  Epistaxis/ecchymoses/
hemorrhages

— Intermittent, non-cyclical
fever

— Duodenal ulcer

— Recurrent (pseudocystic)
pancreatitis

- Splenomegaly

— Central retinal vein
occlusion

— Henoch-Schoenlein
purpura

— Intestinal intussusception

Cutaneous and mucous
membranes:

— Dermatitis herpetiformis
— Atopic dermatitis

— Pemphigus

— Linear IgA bullous
dermatosis

—  Chronic urticaria

— Psoriasis

- Vitiligo

— Rosacea

—  Pellagra

— Hereditary angioneurotic
edema

—  Vasculitis

— Nodosum/necrolytic
migratory erythema

— Behget’s disease

— Dermatomyositis

—  Oral lichen planus

— Hypertrichosis

— Damage to the dentition
(delayed tooth eruption,
mineralization defects, dental
caries)

— Lesions of the oral mucosa
(recurrent canker sores, ulcers,
erythema, cheilitis, atrophic
glossitis)

— Dryness and burning
sensation of the tongue

Renal:
— Renal diabetes

— IgA nephropathy

- Glomerulonephritis
—  Renal damage with
minimal damage

— Focal and segmental
glomerulosclerosis

— Nephrotic syndrome

—  Urolithiasis

—  Urinary infection

— Distal tubular renal acidosis

Bone and joint damage:

— Hypomotility

— Proximal muscle weakness
— Arthralgia

—  Osteoporosis

—  Osteopenia

— Increased risk of fracture

Neuropsychiatric disorders:

—  Gluten ataxia Peripheral
neuropathy (Guillain-Barrée
syndrome)

— Headache

— Migraine

— Epilepsy

— Depression

— Anxiety

—  Cognitive-behavioral
disorders (dementia, memory
disorders, acalculia, lack of
attention, executive or spatia.l
orientation deficits)

Reproductive:
— Delayed puberty

— Irregularity of menstruation
— Amenorrhea

— Early menopause

— Risk of spontaneous
abortion

— Children with low birth
weight

— Reduced breastfeeding
capacity

— Stillborn children

Other associated diseases Autoimmunities:

— Diabetes mellitus

— Hashimoto’s thyroiditis
— Graves’ disease

— Addison’s disease (adrenal
insufficiency)

- Systemic lupus
erythematosus

- Secondary
hyperparathyroidism

—  Ovarian insufficiency

— Pituitary disorders

— Autoimmune hemolytic
anemia

— Autoimmune hepatitis

Notable:

— Down syndrome
— Asthma
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DI Physical functioning, D2. Role limitations due to physical health, D3. Pain, D4. General Health, D5. Energy/fatigue, D6. Social functioning, D7. Role limitations due to emotional problems,
D8. Emotional well-being.
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Characteristics of the lactating mothers

Total 119
Non-CD mothers 96 (81)
CD mothers 23 (19)
Non-CD mothers
Age (years)® 35 (32-37)
Gestational age (weeks)® 40 (39-40)
Mode of delivery
Vaginal 78 (81)
Cesarean [ 16 (17)
Nd 2(2)
Early lactation® 74 (78)
Late lactation® 7 21 (22)
Baby’s sex
Female 40 (42)
Male 50 (52)
Nd 6 (6)
Baby’s age (months)® 2 (1-5)
| CD mothers
Age (years)® 35 (31-37)
Gestational age (weeks)® 7 40 (39-40)
Mode of delivery
Vaginal 4(17)
Cesarean 1(4)
Nd | 18 (78)
Early lactation® 7 (30)
Late lactation® 16 (70)
Baby’s sex
Female 6 (26)
Male 5(22)
Nd 12 (52)
Baby’s age (months)® 8 (4-20)

Categorical variables are expressed as absolute numbers and percentage (in brackets). CD,
celiac disease; Nd, no data available (Data were not self-reported by study participants). “Data
are expressed as median (IQR), ®Milk produced prior to 6 months after delivery, “Milk
produced from 6 months after delivery onward.
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Life of Adult Patients with
Celiac Disease in
Argentina: From
Questionnaire Validation
to Assessment

Influence of Compliance
to Diet and Self-Efficacy
Expectation on Quality of

Life in Patients with
Celiac Disease in Spain.

Telephone clinic improves
gluten-free dietary
adherence in adults with
coeliac disease: sustained
at 6 months

Health-Related Quality of
Life and Experiences of
Brazilian Celiac
Individuals over the
Course of the Sars-Cov-
2 Pandemic.

Long-Term Adherence to
a Gluten-Free Diet and
Quality of Life of Celiac
Patients After Transition
to an Adult

Referral Center.

Shame mediates the
relationship between
stigma and quality of life
among patients with
coeliac disease.

Predictors of adherence to
a gluten-free diet in celiac
disease: Do knowledge,
attitudes, experiences,
symptoms, and quality of
life play a role?

Adherence to a gluten-free
diet and quality of life in
Chilean celiac patients

The Persian Translation
and validation of the
celiac disease quality of
life

questionnaire (CDQOL)

Quality of Life in
Teenagers and Adults
with Coeliac Disease: from
Newly Spanish Coeliac
Disease Questionnaire
Validation to Assessment
in a Population-

based Study

Compliance with Gluten
Free Diet Is Associated
with Better Quality of Life
in Celiac Disease

Quality of life of
Moroccan patients with
celiac disease: Arabic
translation, cross-cultural
adaptation, and validation
of the celiac

disease questionnaire.

Quality of Life Perception
among Portuguese Celiac
Patients: A Cross-
Sectional Study Quality of
Life Perception among
Portuguese Celiac
Patients: A Cross-
Sectional Study Using the
Celiac Disease
Questionnaire (CDQ)

To develop and validate a disease-specific questionnaire to
measure HRQOL in adult patients with Celiac Disease.

To test predictors of reduced health-related quality of life,
described in the literature, by a multivariate approach

To develop and psychometrically validate a new coeliac
disease-specific instrument, the CD-QOL

The aim of this study was to evaluate the health-related
quality of life in patients diagnosed as having celiac disease
and to study the factors involved in its impairment of
quality of life

The study aimed to investigate the effect of CD and a GFD
on dietary habits and quality of life of a cohort of adult
biopsy diagnosed coeliac patients who reside in England.

To assess the validity and reliability of the Italian
translation of the Celiac Disease-specific Quality of
Life Scale

To translate, cultural adapt and perform validation of the
CDQ for use in Italy.

To translate and validate in Spanish the specific celiac
disease questionnaire CD-QOL.

To develop the Portuguese version of the Celiac Disease
Questionnaire - CDQ (developed by Dr. Winfried Hauser
team in 2007

The objectives of this study were to provide a cross-
cultural adaptation of the specific quality of life “Celiac
Disease Questionnaire” (CDQ) and to analyze its
psychometric properties

To examine the effect of adherence to the GFD on health
perception of celiac patients measured using a
specific questionnaire.

This study aimed to evaluate the quality of life of patients
with celiac disease on a capital in Southern Brazil

The aim of the study was to translate, adapt and validate
the Celiac Disease Questionnaire (CDQ), which was
developed in Germany, for use in Turkey

To exam the association between participation in different
types of social support networks and quality of life in
adults with CD

To determine the health-related quality of life in a
representative sample of Spanish adults with celiac disease
along with its determinant factors.

To determine if differences exist between screen-detected
and symptom-detected CD patients with regard to
measures of QOL and dietary adherence.

To investigate the association between HR-QOL and
clinical, laboratory findings using the previously validated
CD-QOL (celiac disease-specific quality of life) instrument
in patients with celiac disease.

To examine self-compassion in relation to celiac specific
quality of life (CQoL) and adherence to a GFD among
adults with celiac disease.

To develop the Coeliac Disease Quality of Life
questionnaire (CDQL): a comprehensive CD-specific
HRQoL measure that can be completed by children,
adolescents, and adults or by proxy.

The objectives of this research were to determine the
quality

of health-related life in adolescents and adults with celiac
disease and to investigate conditions that

they affect it.

The aim of the study was to analyze the social and
emotional fears and worries influencing the QoL of female
CD patients following a gluten-free (GF) diet, as well as to
indicate the sociodemographic interfering factors.

To gain indepth understanding of the impact of CD on
HRQoL from the perspective of adults with the condition.

To develop a questionnaire in accordance with best
practice guidelines, capturing all aspects of quality of life
important to adults with coeliac disease

The study aimed to translate, culturally adapt and validate
a celiac disease quality of life questionnaire and apply it to
a representative number of Brazilian CD patients

The aim of this study was to validate a Persian version of
Celiac Disease Questionnaire (CDQ) for Celiac disease
(CD) among Iranian patients.

To search for a brief, reliable, and valid tool to accurately
assess the relevant quality of life domains in

patients with coeliac disease. In addition, to investigate
whether a disease-specific HRQoL questionnaire would
add relevant

information to a generic HRQoL questionnaire to better
identify patients experiencing problems.

To investigate patients’s experiences of healthcare services
in coeliac disease, from before diagnosis to the time of the
survey, as well as explore the relationship between
experiences of healthcare and quality of life.

To report on the quality of life in this specifc group of
patients, with

CD who have persistent symptoms despite adherence to a
gluten free diet.

To investigate the role of general and specific self-efficacy
and their relationship with other psychosocial variables
that can affect adherence to a GFD in patients with CD.

To know the opinion of patients and relatives regarding
different aspects related to celiac, the unmet needs in the
diagnosis

and management of the disease, as well as the difficulties
that patients have in following the diet.

To translate, culturally adapt, validate, and apply the CDQ
toa

representative sample of the celiac population

in Argentina.

To study the adherence to the GED and HRQoL in
patients with CD in
Spain.

To evaluate the effect of a telephone clinic on GFD
knowledge and GF dietary adherence in adults with CD.

To evaluate Brazilian celiac patients’ QoL during the
pandemic caused by the outbreak, rapid spread, and
subsequent restrictive measures caused by COVID-19, in
addition to the dietary restrictions and other burdens
caused by CD.

The aim of the study is threefold (1): to provide an
overview on the clinical features, long-term GFD
adherence, QOL, and continuity of follow-up of patients
diagnosed with CD during childhood/adolescence and
then followed-up at an adult tertiary referral center for CD
over a twenty-year period (2); to evaluate whether timing
of transition impacts long-term GFD adherence, QOL, and
continuity of follow-up; and (3) to identify predictors of
long-term GFD adherence in adulthood.

The main aim of the study was the adaptation of the SSCI-
8 and the necessary psychometric testing among celiac
women. In addition, the study also aimed to investigate
the relationship between stigmatization and different well-
being variables among celiac women.

To identify the relationship between adherence to a GFD
and demographic characteristics, knowledge, attitudes, and
beliefs

regarding CD and a GED, experiences of following a GED,
symptoms, and QoL.

To evaluate adherence to GFD and its relationship with
quality of life in Chilean celiac patients.

To translate CDQOL into Persian and evaluate the
psychometric properties of the Persian version.

To translate, culturally adapt, validade, and apply the
Spanish version and estimate the HRQoL, using the EQ-
5D in a representative sample of the Spanish teenagers and
adults with CD.

To determine the disease and clinical factors associated
with better QOL in a large cohort of French CD patients.

to translate, cross-culturally adapt, and validate the items
of the CDQ and eventually evaluate the QoL among adults
with CD in Morocco

To assess Portuguese celiac patients’ quality of life
(QoL) perception.
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Component Peak time (h) Component Peak time (h) e
Mannitol 5:45 3 Mannitol 3:15 2
Volunteer 1 Lactulose 5:45 3 Volunteer 9 | Lactulose 3:15 2
GIP 5:45 3 GIP 315 2
Mannitol 2:43 3 Mannitol 5:05 2
Volunteer 2 Lactulose 8:35 5 Voll;:;teer Lactulose 5:05 2
GIP 4:28 2 GIP 5:05 2
Volunteer 3 Mannitol 6:00 5 Volunteer Mannitol 6:10 2
Lactulose 6:00 3 1 Lactulose 6:10 2
GIP 3:00 2 | GIP 6:10 2
Mannitol 6:30 3 Mannitol 335 3
Volunteer 4 Lactulose 6:30 3 Voltluzlteer Lactulose 3:35 3
GIP 2:00 2 GIP 3:35 3
Mannitol 4:30 2 Mannitol 2:41 2
Volunteer 5 Lactulose 7:30 3 V°1‘1"3“e“ | Lactulose 241 2
GIP 7:30 3 GIP 2:41 2
Mannitol 8:00 3 Mannitol 4:40 4
Volunteer 6 Lactulose 800 3 v"l‘l':'e" | Lactulose 40 4
GIP 2:00 2 GIP 2:20 3
Mannitol 4:30 3 Mannitol 4:30 3
Volunteer 7 Lactulose 430 3 v"l‘l“s““‘ Lactulose 710 4
GIP 4:30 3 GIP 4:30 3
Mannitol 5:15 3 Mannitol 4:52 2,7
Volunteer 8 Lactulose 515 3 Media Lactulose 5:38 30
GIP 515 3 GIP 4:08 2,6

GIP, Gluten Immunogenic Peptides.
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