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	 In genetically susceptible individuals, gluten intake leads to celiac disease (CD), a 
chronic immune-related enteropathy that results in villous atrophy, intestinal inflammation, and 
malabsorption. It marks roughly 0.7%–1.4% of the global populace, with occurrence growing over 
time. Presently, the single accepted cure is a strict, lifelong gluten-free diet (GFD); nevertheless, 
this approach is hard to manage, carries risks of hidden gluten exposure, and cannot wholly 
alleviate symptoms or prevent intestinal impairment in all patients. Recent developments have 
driven the progress of several emerging therapeutic strategies. These comprise gluten-degrading 
enzymes designed to detoxify immunogenic peptides, pharmacological agents such as tight-
junction regulators and transglutaminase inhibitors that target intestinal permeability and 
antigen modification, as well as immune-modulating therapies aimed at reducing pathological 
immune responses. Additionally, microbiome-based interventions are being explored to restore 
gut homeostasis and support immune regulation. Nutraceuticals and vaccine-based methods 
are two complementary therapies that are being researched. This review emphasizes an 
executive summary of the background and pathophysiology of celiac disease, highlights the 
limitations of the GFD, and focuses on recent advancements in enzyme therapy, pharmacological 
treatments, and immunotherapies. Furthermore, it discusses ongoing clinical trials (CT) and 
future perspectives, emphasizing the potential of these novel approaches to transform disease 
management beyond dietary restriction.

Keywords: Celiac disease; Emerging therapies; Enzyme therapy; Gluten, Immunotherapy; 
Pharmacological treatment; Transglutaminase inhibitors.

	 Celiac disease is an autoimmune 
condition that triggers both innate and adaptive 
immune responses in individuals with a genetic 
predisposition when they consume foods containing 
gluten and are exposed to additional environmental 
influences. Gluten refers to a group of alcohol-
soluble proteins found in several grains, such as 
spelt, wheat, barley, rye, and kamut.1 CD has a 
prevalence of nearly 1% in Western countries, 
according to numerous studies that used serologic 

screening in the general population.2 However, a 
thorough study with 275,818 participants found 
that 1.4% of people worldwide have CD.3 The 
CD remains extremely rare or non-existent in 
most Asian countries. India is an exception, with 
two population-based investigations reporting 
the frequency of 0.3-1.04%, especially in the 
northern region. Preliminary assessments suggest 
CD may be present in Malaysia, China, Japan, 
and Singapore. A meta-analysis of risk factors 
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further indicates that this condition is likely 
to occur in significant numbers in China.4 In 
contrast to dietary allergies, it is not caused by an 
IgE-triggered hypersensitivity reaction. Rather, 
the pathogenic agent is gluten protein, which is 
presented to CD4+ T cells in the lamina propria 
(LP) via the enzyme tissue transglutaminase 
(TG2). Abdominal pain, osteoporosis, anaemia, 
diarrhoea, and failure to thrive are just a few of 
the clinical symptoms that arise from the release 
of cytokines, which also results in histologic 
alterations in the intestinal mucosa.2 The prime 
treatment is a continuous rigorous GFD, which 
has been shown to help most patients heal their 
intestinal mucosa and get rid of their symptoms.5 
Yet long-term compliance is clinically challenging 
due to multifaceted challenges. From a nutritional 
perspective, gluten-free products are frequently 
deficient in essential nutrients like fiber, calcium, 
magnesium, iron, and certain vitamins, potentially 
leading to imbalances or deficiencies over time. 
Importantly, patients continue to experience 
chronic symptoms or persistent intestinal damage 
despite of strict adherence to a GFD.6 Thus, patients 
frequently fail to follow a GFD, which hinders 
or delays their recovery. Accidental exposure to 
gluten predominates over deliberate intake, and 
one of the prime causes of non-adherence to a GFD 
is probably gluten contamination in naturally or 
certified GFDs.7 Despite this substantial disease 
burden, the strict GFD highlights a clear gap in 
effective therapeutic options. Hence, there is a need 
for more effective and comprehensive therapeutic 
strategies to be developed to target various points of 
disease pathogenesis, including enzymatic gluten 
detoxification, inhibition of immune activation, 
restoration of intestinal barrier function, and 
induction of immune tolerance. Such innovative 
therapies aim to complement or potentially replace 
dietary restrictions, offering improved disease 
control and enhanced quality of life for those 
affected.8 
	 This article’s goals are to offer a 
comprehensive summary of the background and 
pathophysiology of CD, highlight limitations of the 
GFD, and focus on current advancements in enzyme 
therapy. This review uniquely focuses on integrated 
pharmacological and immunotherapy comparison 
with CT insights (2025 updated), emphasizing the 

potential of these novel approaches to transform 
disease management beyond dietary restriction.
Pathophysiology and molecular mechanisms 
of CD
Structure and composition of gluten 
	 Water-insoluble glutenin and alcohol-
soluble gliadin are two of the complex proteins that 
make up gluten.9 (Figure 1) The primary protein 
components of wheat flour, which make up 80–85% 
of the total protein, are repetitive sequences rich 
in glutamine and proline. It interacts to form a 
network of viscoelastic gluten that can be used to 
make a variety of foods.10 
	 The glutamine as well as proline residues 
are resistant to complete gastrointestinal digestion. 
As a result, relatively large proline-rich peptides are 
generated during digestion, some of which possess 
strong immunogenic potential and are involved in 
triggering immune responses in people with CD.11 
Gluten is divided into 3 categories: sulfur-poor, 
sulfur-rich, and high molecular weight (MW).12 
As previously stated, it is classified into soluble 
monomer gliadin and insoluble polymer glutenin 
based on solubility in an alcohol solution.10 Gliadin 
has a 30~75 kDa MW and is further categorized 
into á-, â-, ã-, and ù-gliadins. As per relative MW, 
glutenin is stratified into high-relative-MW (30~40 
kDa) and low-relative-MW glutenin subunits 
(65~90 kDa).13 
Immunogenic gluten peptides and role of tissue 
transglutaminase 
	 Following á-2 gliadin proteolysis, the 
33-mer gliadin peptide (LQLQPF(PQPQLPY) 
3PQPQPF)  has  been  iden t i f ied  as  the 
immunomodulator peptide,14 and seems to be 
prominent in several wheat varieties. Particularly 
in CD patients, this peptide can move via the lumen 
to the LP once it reaches the gut mucosa. Although 
no particular receptor has been found, transcellular 
endocytosis or paracellular passage to specify the 
mechanism.15 However, TG-2 attaches to the 33-
mer and deamidates 3 of its glutamine residues. 
Additionally, both peptides proved that they bind 
to human leukocyte antigen (HLA) type DQ2 
following processing by antigen-presenting cells; 
however, the deamidated peptide showed a greater 
affinity for HLA-DQ2.16 Remarkably, in a diabetic 
mouse model, the 33-mer builds up in the pancreas, 
and in pancreatic model lines, it shuts K/ATP 
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channels, causing insulin release.17 These findings 
confirmed the significance of 33-mer peptide in 
the development of pathogenic immune responses 
and multiorgan dysfunction besides gluten-related 
diseases.16,18 
Immune response and intestinal damage 
	 Chronic upregulation of interleukin 
(IL)-15 in the epithelium and in the intestinal 
LP is a defining feature of the disease and links 
with the grade of mucosal injury. This leads to 
the expansion of the activated NK-like cytotoxic 
intraepithelial lymphocytes (IELs) and villous 
atrophy. Thus by blocking IL-15 signalling 
prevents these losses and may be a treatment for 
this condition.19 Simultaneously, innate immune 
pathways are activated, including the release of 
IL-15, which also stimulates IELs and promotes 
cytotoxic activity against enterocytes. Persistent 
exposure to gluten therefore maintains chronic 
inflammation and progressive intestinal damage in 
genetically susceptible individuals. Consequently, 
patients develop malabsorption of vital nutrients, 
leading to clinical manifestations including weight 
loss, diarrhoea, anaemia, and nutrient deficiencies 
(Figure 2).20 
Classification of emerging therapeutic strategies
	 New therapeutic strategies focus on 
various stages of disease development, including 
the neutralization of gluten within the lumen, 
modulation of the immune response, and the 
restoration of immune tolerance (Figure 3, Table 
1). Intraluminal techniques consist of oral gluten-
binding agents and gluten-breaking enzymes, 

designed to inhibit the formation and function of 
immunogenic gluten peptides (GPs) by attaching 
to or neutralizing them before they interact with 
the mucosa. Downstream interventions, such as 
tissue TG2 inhibitors, aim to reduce antigen-driven 
immune activation by preventing the deamidation 
of GPs.21 The goal of tolerance-inducing techniques 
is to retrain the immune system to identify 
gluten antigens in a non-inflammatory setting. 
Furthermore, immune-modulatory treatments, 
such as monoclonal antibodies that target pro-
inflammatory cytokines like IL-15 and inhibitors 
of lymphocyte trafficking, continue to be a key area 
of research. While microbiome-based therapies 
focus on modulating gut microbial composition 
to influence gluten metabolism and immune 
homeostasis. Additionally, food-processing 
approaches seek to reduce gluten immunogenicity 
prior to ingestion through enzymatic or fermentation 
techniques. Collectively, these strategies represent 
a multifaceted, mechanism-driven effort to 
provide safer, more effective, and potentially 
disease-modifying alternatives for long-term 
management.22

Focus on current advancements in enzyme 
therapy 
Concept of enzymatic gluten detoxification
	 Enzymatic gluten detoxification aims to 
break down proline- and glutamine-rich GPs, which 
resist human digestion and trigger CD into harmless 
fragments using specific enzymes, primarily prolyl 
endopeptidases (PEPs). This therapeutic strategy, 
often using oral enzyme supplements, intends 

Fig. 1. Structure of gluten (Self-creation)
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Fig. 2. Mechanisms underlying celiac disease pathogenesis (Self creation).

to cleanse gluten in the stomach/duodenum; 
previously it causes intestinal immune responses, 
offering an aid to the strict GFD.8 Degraded 
gluten proteins enter the small intestine after 
consumption. However, the gastrointestinal tract’s 
enzymes have trouble breaking down gluten due 
to its exceptionally high proline and glutamine 
concentration, particularly in 33mer. Mitea et 
al34 studied a novel Aspergillus niger PEP. It was 
discovered that this enzyme effectively broke down 
intact GPs in the stomach, and very little gluten 
remained in the duodenal compartment. Presently, 
Gass et al35 examined a fresh grouping approach 
that uses two active enzymes to detoxify gluten 
prior to its release into the small intestine. They 
employed a PEP from Sphingomonas capsulata 
and a glutamine-specific endoprotease (EP-B2; 
a cysteine endoprotease from sprouting barley 
seeds). While PEP rapidly detoxifies oligopeptides 
generated during primary proteolysis by cleaving 
internal proline residues, thereby yielding non-
toxic metabolites, EP-B2 extensively hydrolyses 
the gluten network in bread into relatively short, 
yet still immunogenic, oligopeptides.35

Types of gluten-degrading enzymes (GDE)
	 The immunogenicity of GPs can be 
amplified or diminished via GDE. Numerous 

GDE are obtained from bacteria, fungi, and 
plants. For instance, certain bacteria produce PEP 
or subtilisins, while barley produces cysteine 
endoprotease, both of which are highly efficient 
in breaking down gluten.36 Few most encouraging 
GDE that are under animal or human studies are 
mentioned below (Table 2).
Microbial enzyme
	 Microbial enzymes are derived from 
bacteria or fungi that can break down immunogenic 
gluten peptides into non-toxic fragments. Some 
examples are mentioned below.  
Prolyl endopeptidases
	 The enzymes known as PEPs target 
the proline GPs, some of which include T cell 
immunogenic epitopes. Fungi and bacteria are the 
sources of PEP. Sphingomonas capsulata (SC-PEP, 
or ALV002), Flavobacterium meningosepticum 
(FM-PEP), and Myxococcus xanthus (MX-PEP) 
are the sources of bacterial PEP.43 It is also 
formed from fungus Aspergillus niger. Edens and 
colleagues initially discovered and characterized 
this enzyme as glutenase in 2005,34 while looking 
for a debittering agent for use in beer brewing and 
casein hydrolysates. The enzyme’s marked activity 
against intact gluten and its ability to eliminate the 
T-cell features of a peptic/tryptic digest of gluten 
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Fig. 3. Emerging therapeutic approaches for CD23 (Self-creation)

that emulates some elements of human digestion 
are two of AN-PEP’s beneficial characteristics.43

Bacterial enzyme
	 Lactobacillus-derived proteases from 
Lactobacillus species are widely studied for their 
ability to hydrolyse proline and glutamine-rich 
gliadin fragments into smaller, less immunogenic 
peptides. These enzymes are commonly associated 
with probiotic formulations and contribute to 
improved gluten digestion in the gastrointestinal 
tract.44 Lactic acid bacteria (LAB) and yeast 
spontaneously ferment a blend of water and flour 
to produce sourdough, which has both acidifying 
and leavening qualities. When compared to 
yeast, the LAB predominates in SF at a ratio 
of roughly 100:1.45 Gluten proteins are broken 
down into innocuous pieces during SF. However, 
hazardous peptides are frequently not completely 
broken down and the remaining peptides are 

enough to have harmful effects on CD patients.46 
Monocultures of LAB are less successful than 
mixed cultures in lowering gluten and its harmful 
peptides.47  
Plant enzyme
	 Fruits including papaya, figs, pineapples, 
ginger, leek, and kiwifruit, as well as vegetables 
like broccoli, and red pepper, are the main sources 
of plant proteases.48(p20) Highly active commercial 
proteases are frequently made from papaya, figs, and 
pineapples. Bradauskiene assessed whether plant 
enzymes could be used to hydrolyse gluten in wheat 
bran or not. They found in their work that papain 
and bromelain are suitable for hydrolysing gluten 
in wheat bran.  Under comparable circumstances, 
papain exhibited greater hydrolytic activity, and 
the efficiency of the combination of both enzymes 
was mediocre. Therefore, the hydrolysis stage 
should be prolonged or a combination strategy 
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Fig. 4. Mechanism of gluten digestion and immunogenic peptides.36

with other degrading tools, like lactic acid 
fermentation or germination, should be employed 
for the improvement of wheat products for celiac 
individuals.44 Martinez has offered fresh insights 
into the potential of plant CysProt to lower gliadin 
concentration in another study. The study’s findings 
indicate that HvPap-6 CysProt is the best option. 
In order to lessen gluten toxicity, the ultimate 
goal may be to create transgenic wheat lines that 
overexpress this CysProt under endosperm-specific 
promoters.49 
Enzyme drug candidates for targeting CD
	 TAK-062 is an extremely powerful 
endopeptidase that was created using computational 
design using the precursor Kuma030.50 It is 
produced from the bacterial enzyme kumamolisin 
As, from Alicyclobacillus sendaiensis. It was 

created by Rosetta Molecular Modeling Suite 
to precisely target the proline-glutamine (P-
Q) dipeptide motifs, as disparate to the single 
amino acids (P) or (Q) that are targeted by 
other enzymes under development for CD (e.g., 
ALV003).51 These P-Q motifs are present in 
homologous proteins in barley and rye as well 
as in the immunogenic areas of gliadin, but they 
are uncommon in other proteins.25 The glutenase 
pair that was most thoroughly investigated in CT 
thus far is Latiglutenase (previously ALV003). 
ALV001, a modified recombinant EP-B2, and 
ALV002, a modified recombinant bacterial PEP 
from S capsulate, are combined in a 1:1 ratio to 
form latiglutenase. It digests immunogenic gluten 
peptides in the stomach and breaks gluten into 
smaller, less immunogenic fragments.52 
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Pharmacological therapies for celiac disease
Tight junction modulation 
	 It is defined as the intercellular junctions 
that control paracellular permeability among 
epithelial and endothelial cells and are composed 
of multiple proteins, including claudins, occludin, 
and ZO-1. These structures are highly dynamic and 
respond to inflammatory cytokines and external 
antigens. Gliadin, has indicated to disrupt tight 
junction integrity indirectly by inducing zonulin 
release, leading to the disassembly of proteins such 
as ZO-1 and alterations in the actin cytoskeleton. 
This enhances intestinal permeability (IP) and 
facilitates the entry of GPs into the LP, contributing 
to immune activation in celiac disease. Therefore, 
reducing IP represents a promising therapeutic 
strategy to mitigate disease progression.53

	 The octapeptide LA (9 Meters Biopharma) 
has been reported to reduce IP and prevent 
immunogenic gluten peptide fragments from 
accessing the LP by blocking tight junction 
opening. However, there remains debate regarding 
LA’s actual mode of action. Early-phase studies 
showed that LA was usually safe and well-
tolerated.54 In a phase 2b study of patients with CD 
(nonresponsive CD), it decreased symptoms when 
given as an adjuvant to a GFD in comparison to 
a placebo.55 The first phase 3 placebo-controlled 
study of LA was performed for CD, which was 
once again based solely on PROs (ClinicalTrials.
gov, Number: NCT03569007). The study was 
discontinued in June 2022 after an interim analysis 
revealed no discernible benefit and that enrolling 
too many more participants would be necessary 
for a clinically meaningful assessment of NRCD’s 
efficacy.56 
	 SIRT6 (Sirtuin 6), a transcriptional 
regulatory protein that promotes intestinal 
barrier integrity and epithelium regeneration, is 
activated by the oral, systemically acting, small 
molecule medicinal drug IMU-856 (Immunic 
Therapeutics). In a phase 1b CT, it was found 
to be safe, well-tolerated, and reduced intestinal 
damage in individuals with CD in remission who 
were exposed to gluten. It is now moving forward 
with a phase 2 safety and efficacy CT in NRCD.23

Tissue transglutaminase inhibitors 
	 The TG2 catalyses the cross linking of 
proteins through the formation of an isopeptide 
bond amongst glutamine and lysine side chains. 

Even though TG2 plays a crucial part in steadying 
the extracellular matrix, its unrestrained action 
has been linked to CD.57 Certain dietary GPs that 
evade gastrointestinal digestion are deamidated 
in the intestinal mucosa, which makes it easier 
for HLA-DQ2/8 to present them as antigens and 
causes CD4+ T-cell clones to become activated 
and proliferate.58 The development of a T-cell 
response and the linking and presentation of GPs 
to naïve T cells may be significantly decreased 
by preventing their deamidation. Based on this, 
Zhuang and Khosla created a number of small 
compounds that inhibited TG2 and stopped the 
deamidation of gluten peptides.58 ZED1227, a 
highly selective and nontoxic TG2 inhibitor, was 
created. It demonstrated no toxicity in animal and 
phase 1 trials and did not significantly inhibit four 
other major transglutaminases.59 In one study of 
160 patients with 3g gluten daily over 6 weeks, 
this TG2-inhibitor prevented mucosal damage 
and improved PROs. It also inhibits the enzyme in 
the LP and at the enterocyte surface in patients.21 
Currently a phase 2b trial involving 400 individuals 
with slight clinical and histopathological NRCD 
is testing for  ZED1227 (EudraCT Number: 2020-
004612-97).56

Immune modulators
	 Molecules that can inhibit inflammatory 
cytokines and their downstream signalling, such as 
IL-15 and IL-21, are further treatment alternatives. 
Anti-IL-15
	 Villous atrophy is encouraged by cytokines 
generated via stressed myeloid and epithelial cells 
(IL-15) and gluten-activated CD4+ T cells, which 
coordinate further T-cell proliferation and CT-IEL 
activation. Phase 2 trials of individuals with gluten 
provocation, with NRCD and RCDII, employed an 
IL-15 hindering mAb (PRV-015; NCT04424927) 
with differing degrees of efficacy.27 A phase 1b 
trial with an antibody with higher affinity was 
successfully completed in late summer 2023 (Caly-
002; NCT04593251). TEV-53408 is an IL-15 
blocker currently recruiting in a phase 1b trial.56

JAK inhibitors
	 These are a promising therapeutic class 
for managing refractory celiac disease (RCD), 
particularly Type II (RCDII), by targeting the 
JAK-STAT signalling pathway. Janus kinase (JAK) 
inhibitors interfere with intracellular signalling 
pathways involved in cytokine-mediated immune 
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responses. In CD, gluten exposure triggers the 
release of IL 15, which activates immune cells 
and leads to damage of intestinal villi. Tofacitinib 
prevents JAK from activating the signal transducer 
and activator of transcription (STAT) protein. 
Reduced cytokine release namely IL-15.60 A 
promising treatment option for macrophage 
activation syndrome (MAS) is ruxolitinib, a 
JAK1/2 inhibitor that effectively suppresses IFN-ã 
and other proinflammatory cytokines linked to 
MAS pathogenesis by blocking the JAK1/2-STAT1 
signalling pathway.61 A JAK3 and TEC kinase 
inhibitor called ritlecitinib has been licensed for 
the cure of Alopecia Areata (AA) and is currently 
in the last stages of development for vitiligo. It 
suppresses B cells, NK cells, and cytotoxic T cells 
that contribute to the pathophysiology of CD.62 
Integrin blockers
	 Drugs that inhibit lymphocyte migration 
focus on blocking the á4â7 integrin, a key 
molecule responsible for directing immune 
cells to the intestinal mucosa. The monoclonal 
antibody Vedolizumab, administered intravenously, 
acts as an á4â7 integrin antagonist and was 
assessed in Phase 2 CT (NCT02929316) for 
CD. Later terminated.63 Another investigational 
therapy, PTG-100 developed by Protagonist 
Therapeutics, is an orally administered á4â7 
integrin antagonist peptide presently studied in 
Phase 1b CT (NCT04524221).64

Immune tolerance and vaccine-based therapies
Antigen-specific immunotherapy (ASI)
	 The goal of ASI is to restore the immune 
system’s  tolerance to pathogenic antigens 
without compromising the immune system as 
a whole. An ASI may be a viable treatment for 
CD, as pathogenic CD4+ T-cells that could be 
desensitized by immunotherapy recognize the well-
characterized immunodominant gluten epitopes.65 
Barinthus Biotherapeutics plc, an immunology 
and inflammation (“I&I”) company focused on 
developing immune tolerance therapies with 
therapeutic potential, today announced an update 
on its first in-human Phase 1 study of VTP-1000 in 
adult CD. The underlying technology of VTP-1000 
consists of Sponsor’s proprietary self-assembled 
nanoparticles based on the Amphipathic Peptide 
Tolerant Immunotherapy Platform (SNAP-TI), 
configured to package 12 GLU and rapamycin 

peptide antigens into nanoparticles approximately 
20 nm in diameter.66

TAK 101
	 TAK-101  is  a pioneering ASI for 
CD using poly(DL-lactide-co-glycolic acid)  
nanoparticles containing gliadin (gluten), reducing 
T-cell activation by ~90% in phase 2a trials. It 
reduces immune activation without systemic 
immunosuppression, offering potential to manage 
celiac disease beyond a strict, lifelong diet.29 APCs 
in the liver and spleen absorb these nanoparticles 
once they are injected intravenously. After 
being internalized, the nanoparticles expose 
gliadin to gliadin-specific T cells, which enhance 
immunological tolerance by activating regulatory 
T cells and causing T cell energy. The first trial 
evaluating TAK-101’s safety and tolerability was 
NCT03486990. Results showed the treatment was 
well tolerated, with no serious adverse effects or 
significant changes in vital signs or laboratory 
parameters, confirming an acceptable safety profile. 
NCT03738475 is a double-blind, randomized, 
placebo-controlled study investigating the efficacy 
of the drug in attenuating immune activation in 
CD patients after GFD. Among ongoing studies, 
NCT04530123 aims to further evaluate the efficacy 
of TAK-101 in reducing gluten-related symptoms 
and activating the immune system during gluten 
consumption.67

Peptide based vaccine
	 As part of induction therapy, a vaccine 
based on a group of GPs that can boost tolerance 
and desensitize to gluten peptides has also 
garnered interest. Repeated treatment of certain 
immunogenic gliadin peptides in transgenic 
HLA-DQ2 mice models reduced proinflammatory 
cytokines and inhibited T cell proliferation.68 
Three immunogenic GPs from wheat, barley, and 
rye make up the desensitizing vaccine Nexvax2® 
(ImmuSanT, Cambridge, MA), which was created 
as an immunotherapeutic and preventative measure 
to reinstate gluten tolerance.68 In one Phase I CT 
(NCT00879749), HLA-DQ2-positive patients on a 
strict GFD received weekly intradermal injections 
of Nexvax2® for 3 weeks. The presence of IFN-ã-
producing Nexvax2®-specific T cells in multiple 
individuals verified a vaccine’s bioactivity.69 In 
2017, Goel et al.70 released the findings of the 
phase 1 study for Nexvax2. Immunodominant 
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peptide epitopes for CD4 T lymphocytes specific 
to gluten are included in the potential vaccine to 
make them insensitive to activation brought on by 
gluten exposure. The highest tolerable Nexvax2 
dose was 150 ìg for 2 times in a week intradermal 
administration over eight weeks due to brief, acute 
GI side effects that started two to five hours after 
the first doses of the vaccine.70

Microbiome-based therapeutic approaches
Role of gut microbiota in CD 
	 The human gut microbiota controls a 
variety of human processes, including digestion, 
immunity, and nutrition. A dysregulated immune 
response may result from a state of dysbiosis, 
which is defined as a change in the makeup 
and functionality of the human gut microbiota. 
The composition of the gut microbiota may be 
influenced by the HLA-DQ genotype, and patients 
with CD may exhibit changes in it. These changes 
may impact immune function, the preservation 
of the integrity of the gut barrier, the absorption 
of nutrients and metabolites, the balance among 
innate and adaptive immune responses, and the 
suppression growth of pathogens.71 While some 
species, like Escherichia coli, have a protecting 
action on the epithelial barrier integrity, other 
studies have shown that strains of Bifidobacteria 
can also decrease the IP. Additionally, lactobacilli 
have demonstrated immunomodulatory qualities 
that impact immunological reactions to gluten. 
Di Cagno et al72 discovered that two years of 
GFD treatment had not completely restored the 
duodenal microbiota of CD patients. The number 
of dangerous bacteria decreased, but the number 
of good bacteria remained low.  Infants with CD 
have gut microbiota that are more composed of 
Proteobacteria and Firmicutes and less composed 
of Bifidobacteria and Actinobacteria, according to 
studies done on newborns. To determine whether 
these correlations are connected to CD onset later 
in life, more research is necessary. As per another 
research, the HLA-DQ and milk nursing have an 
effect on the composition of an infant’s gut flora. 
Patients with CD may benefit from gut bacteria like 
Lactobacilli and Bifidobacterium strains.73

	 A number of theories have been put 
out to explain the connection between changes 
in gut flora and CD symptoms.74 Most studies 
are based on small sample sizes and short-term 
interventions, resulting in weak to moderate 

evidence. Additionally, findings across studies are 
inconsistent, with some reporting beneficial effects 
while others show no significant improvement. 
Variability in probiotic strains, dosage, and patient-
specific responses further limits their clinical 
applicability. Therefore, large-scale, well-designed 
clinical trials are required before microbiome-
based therapies may be regarded as a reliable 
strategy for CD. 
Probiotic, pre and synbiotic
	 The World Health Organization defines 
probiotics as live bacteria that can support a host’s 
health if supplied in optimum amount. It alters 
the microbiota’s makeup and functional role, 
thus averting or slowing disease development. 
Additionally, they can control the immunological 
reaction, toxin receptor disruption, nutritional 
competition, adhesion site blocking, and the 
synthesis of compounds that inhibit infections.75 
Lindfors et al76 demonstrated that certain probiotics, 
like Bifidobacterium lactis or Lactobacillus 
fermentum, revealed shielding effect against 
gliadin-damaging action in intestinal cell cultures, 
as a result of dose-dependent inhibition of 
augmented IP and activation of IL-10 production 
by regulatory T-cells. In fact, one of the main 
reasons for symptoms is the NFkB pathway’s 
production of the cytokine cascade, which activates 
inflammation. Laparra et al77 have shown that 
several Bifidobacterial strains can recover the 
affected gut bacterial configuration in CD, lowering 
inflammation. Additionally, Lactobacillus casei 
is helpful for the renewal of a healthy mucosal 
structure and gut-associated lymphoid tissue 
balance. 
	 The International Scientific Association 
for Probiotics and Prebiotics consensus statement 
defines prebiotics as a nutrient source that host 
bacteria selectively use to provide a health 
advantage. Prebiotics are one of the novel 
treatments that have lately been suggested; 
they are a safe and promising addition to GFD 
that has positive effects on human health.78 It 
has the capacity to support the progress and 
action of intestinal bacterial strains that may be 
beneficial to health, primarily Lactobacillus and 
Bifidobacterium. Because of this, their capacity 
to control gut microbial activity may be utilized to 
treat symptoms associated with CD.79 Krupa-Kozak 
et al80 conducted first investigations on this subject: 
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placebo-controlled randomized CT to evaluate the 
impact of an oligofructose-enriched inulin called 
“Orafti®-Synergy1” on paediatric patients after 
GFD. Simultaneously, Adebola et al82 showed 
that while inulin cannot exert a direct stimulatory 
effect on the five probiotic Lactobacillus strains, 
other prebiotics, such as lactulose & lactobionic 
acid, might do so and serve as an ideal substrate 
for bacteria to reduce the negative impacts of bile 
acid stress.75,81

	 Symbiotics are a combination of both. 
Palma et al82 demonstrated that in CD patients, a 
drop in Bifidobacteria and an rise in pathogenic 
gram-negative bacteria led to an increase in 
Th1type cytokine levels, as well as an increase in 
T-cells and monocyte maturation. According to 
one study, the synbiotic, which includes strains 
of Lactobacillus and Bifidobacterium, may affect 
anti-tTG levels through these processes. 
Novel and experimental therapeutic approaches 
Nanoparticle based drug delivery
	 This strategy  aims to induce immune 
tolerance to gluten, agreeing patients to ingest it 
without an immune response. The leading approach, 
such as TAK-101/CNP-101, utilizes biodegradable, 
negatively charged nanoparticles (TIMP-GLIA) to 
deliver gluten antigens (gliadin) into the immune 
system quietly, preventing inflammation. Clinical 
trials showed these particles,  highlighted by 
Beyond Celiac and published in Gastroenterology, 
successfully reduce inflammatory responses to 
gluten in participants.83 TAK-101 is designed 
to promote gluten-specific tolerance. The 33 
randomly selected patients finished the 14-day 
gluten challenge in phase 2a. In CD, TAK-101 
inhibited immune activation and was well tolerated. 
The results of this trial offer a novel strategy that 
can be applied to additional immune-mediated 
disorders. NCT03486990 and NCT03738475 
are ClinicalTrials.gov identifiers.29 The particles 
(TIMP-GLIA) work as a “Trojan horse,” 
encapsulating gluten and, when introduced to the 
body, are taken up by macrophages, resulting in 
the downregulation of autoimmune responses. 
Takeda, a multinational pharmaceutical company 
with US headquarters in Massachusetts and global 
headquarters in Japan, intends to start a study 
to ascertain the drug’s dosing range for treating 
CD. In the interim, Cour will keep developing 
medications for a range of additional autoimmune 

conditions in its pharmacological pipeline.84 
The goal of Topas Therapeutics, a clinical-stage 
biotechnology business, is to provide innovative, 
disease-modifying therapies for inflammatory and 
autoimmune conditions. It is creating patented 
antigen-specific nanoparticles known as TPCs 
(Topas Particle Conjugates), used to enhance 
antigen-driven tolerance without significantly 
reducing the immunological response. Topas 
announced that TPM502 will be advanced onto 
a phase 2b research in CD patients following the 
release of data from their phase 2a CT.84

Gene-targeted therapies 
	 Immunogenic epitopes, particularly those 
found in á-, ã-, and ù-gliadins, cause CD. Gliadins 
have recently been subjected to CRISPR/Cas9 
focused gene editing. Overall, these techniques 
may lessen patients’ exposure to CD epitopes by 
producing progeny with silent, removed, and/or 
altered gliadins. RNA interference (RNAi) and 
CRISPR/Cas9 gene editing are 2 cutting-edge 
techniques that show promise for manufacturing 
wheat that is safe for CD individuals.85 Gil-
Humanes et al86 employed RNAi to down-regulate 
all three gene types, which led to a 10 to 100-fold 
decrease in DQ2 and DQ8 epitopes in T-cell assays 
and an up to 92% decrease in the gliadin response 
as measured by the R5 monoclonal antibody (mAb) 
assay. Currently, Altenbach et al87 utilized RNAi to 
silence ù-gliadins. Though, these approaches have 
some barriers. Stable genetic modification (GM) 
and transgene expression are essential for RNAi, 
which indirectly targets gluten genes through their 
RNA transcripts. Before GM food products may 
be marketed, costly and prolonged food safety 
evaluations must be completed in accordance with 
government requirements.
Monoclonal antibody therapies 
	 Monoclonal antibody therapies are 
emerging as a targeted immunological approach 
for the management of celiac disease, particularly 
by modulating key cytokines involved in disease 
pathogenesis.65 Intestinal tissue is destroyed 
when epithelial CD8 T cells are encouraged by 
overexpression of IL-15. An anti-IL-15 mAb was 
assessed in the initial IL-15 trial (AMG 714). The 
outcomes of this trial indicated improvements 
in clinical symptoms, especially diarrhoea. 
Nevertheless, a rise in IEL density was noted, and 
the data did not demonstrate protection of villous 
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atrophy. Despite these findings, AMG 714 is still 
being evaluated in a randomized phase 2 experiment 
under the name PRV-015 (ClinicalTrials.gov, 
NCT04424927). Monoclonals are costly and 
necessitate maintenance therapy, regardless of their 
therapeutic potential.88 Amlitelimab is a wholly 
human non-T cell-reducing mAb that inhibits 
OX40-Ligand, a crucial immunological regulator. 
It may be the best treatment available for a number 
of inflammatory and immune-related illnesses, 
including CD. It is presently being studied 
clinically, and no regulatory body has assessed its 
efficacy or safety.89 According to a latest study, 
patients with active CD had higher levels of OX40 
expression in both intestinal and circulating CD4+ 
T cells compared to healthy controls, with gluten 
tetramer-positive CD4+ T cells having the greatest 
levels.56

Clinical trials for CD
	 Clinical research in CD has expanded 
significantly, focusing on therapies beyond the 
traditional GFD. These are described in the 
following Table 3.
Challenges, limitations and future directions 
for CD
	 Developing therapies for this illness has a 
number of difficulties. Although creating an animal 
model to investigate CD has been challenging, 
enzyme treatment has recently been explored in a 
vulnerable monkey model. The majority of research 
has been done in-vivo, ex-vivo, and eventually 
with a limited number of human volunteers. A 
medication must be able to withstand intestinal and 
pancreatic proteases, as well as the stomach’s acidic 
environment, and continue to function in the small 
intestine. Determining realistic objectives for CD 
treatment trials is similarly complicated. Antibody 
levels, clinical symptoms, histology scores, and 
functional tests of absorptive or permeability 
features can all be considered endpoints. All 
of these methods have drawbacks despite their 
usefulness. Studying significant phenotypic 
diversity of CD is also difficult.98 
	 Also, no pharmacological therapy has yet 
received FDA approval, and a GFD remains the 
standard of care, highlighting a substantial unmet 
clinical need. The therapeutic pipeline is expanding, 
with multiple investigational agents targeting key 
mechanisms such as immune modulation, gluten 
detoxification, intestinal barrier function, and 

tolerance induction, including candidates like 
KAN-101 and TG2 inhibitors, many of which are 
in early to mid-stage (phase 2/3) clinical trials and 
some receiving regulatory designations such as 
Fast Track. However, clinical translation has been 
challenging, as evidenced by failed late-stage trials 
such as LA, a tight junction modulator that did not 
meet primary efficacy endpoints despite promising 
mechanistic rationale.99 
	 These setbacks are largely attributed to 
disease heterogeneity, difficulties in standardizing 
gluten exposure, and a disconnect between 
histological and symptomatic outcomes, 
underscoring the need for improved biomarkers, 
optimized trial designs, and more comprehensive 
therapeutic strategies. Gluten sequestrants, 
microbiome manipulation, and nanoparticle-based 
treatments are other strategies being researched; 
many of these drugs are in phase I–III trials, 
although none have been accepted to take the role of 
dietary management. Together, these developments 
signify a change toward more adaptable, focused 
CD treatment that goes beyond food alone.99 
Nevertheless, the studies that are now accessible 
are few and diverse, encompassing both adult and 
paediatric populations.100 Tailored strategies that 
take into account microbiological, immunological, 
and genetic aspects could maximize treatment. 
As these treatments advance toward clinical 
application, multidisciplinary care, ethical issues, 
and economic viability are also critical. In order 
to improve the quality of living for CD patients, 
further research will concentrate on long-term 
safety, supplemental therapies, and innovative 
beneficial approaches.100

	 Combination therapies aim to enhance 
treatment efficacy by simultaneously targeting 
multiple disease pathways for example, combining 
gluten-degrading enzymes with barrier-protecting 
agents or immunotherapies to reduce both antigen 
load and immune activation. Engineered enzymes, 
e.g., Latiglutenase & TAK-062, are designed 
to efficiently break down immunogenic GPs. 
Personalized medicine tailor therapies according to 
individual patient variability, improving treatment 
outcomes and minimizing adverse effects. 
Microbiome-based therapeutics focus on restoring 
gut microbial balance using probiotics, prebiotics, 
or engineered bacteria to promote immune 
tolerance and enhance intestinal barrier integrity. 
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Lastly, precision immunotherapy, including 
antigen-specific approaches such as TAK-101, 
targets the underlying immune dysregulation by 
inducing tolerance to gluten-specific antigens. 
Together, these strategies represent a shift toward 
more effective, patient-centric, and disease-
modifying treatments for celiac disease.88

Conclusion

	 In conclusion, the GFD remains the 
keystone of celiac disease control and continues 
to be the only widely accepted standard 
therapy. However, significant advancements 
in understanding disease progress have led to 
the development of multiple novel therapeutic 
approaches meant at improving patient outcomes. 
Approaches such as enzyme-based gluten 
detoxification, immune modulation, and emerging 
pharmacological interventions have revealed 
encouraging outcomes in animal and early clinical 
studies. Despite these encouraging developments, 
there are still significant gaps, especially in terms 
of long-term effectiveness., safety, and real-world 
applicability. Therefore, well-designed, large-scale 
human trials are crucial to authorize these therapies 
and facilitate their translation into routine clinical 
practice. Collectively, these advancements hold the 
potential to complement or even redefine current 
treatment paradigms, ultimately improving the 
lives of people with CD.
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