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Abstract

Celiac Disease (CeD) is a chronic intestinal disease which occurs in 0.7-1.4% of the global
population. Since the discovery of gluten as its disease-inducing antigen, CeD patients are treated
with a gluten-free diet which is effective but has limitations for certain groups of patients.
Accordingly, over the past few years, there is a growing interest in alternative treatment options.
This review summarizes emerging pharmacological approaches, including tolerance induction
strategies, tissue transglutaminase inhibition, gluten degradation, and inhibition of interleukin
(1L)-1

Introduction

CeDisachronicinflammatory disorder of the gut mediated by the ingestion of gluten in genetically
susceptible individuals. Upon gluten ingestion, gluten peptides cross the epithelial barrier and are
deamidated by the enzyme tissue transglutaminase 2 (TG2). These negatively charged gluten
peptides bind efficiently to HLA-DQ2/8 molecules on antigen-presenting cells (APCs), triggering
gluten-specific CD4 T cells and small-intestinal mucosal injury mediated by interferon-y (IFN-y),
tumor necrosis factor a (TNF-a), IL-2, IL-21 and [L-15. Gluten-specific memory CD4 T cells are
continuously on guard, respond to gluten intake within 6 hours with release of inflammatory
mediators such as IL-2' and accompanying symptoms such as nausea and vomiting.2 One of the
main unresolved questions in CeD relates to the question what triggers the loss of tolerance to
gluten peptides, although a role for the microbiota and/or viral/bacterial infections has been
implied.

Since the discovery of gluten peptides as the disease-inducing antigen, a life-long gluten-free diet
(GFD) is the only treatment option for CeD. Strict adherence to a GFD has substantial financial and
social implications. Moreover, full mucosal healing is not reached in approximately 40% of CeD
patients.? For these reasons, there is a growing interest in non-dietary treatment options. CeD is
an attractive disease for therapeutic development since many key mechanisms of disease
pathogenesis have been unraveled. Novel therapies can theoretically interfere with these
mechanisms at several stages of disease pathogenesis. Broadly, this can be at the level of disease
prevention or at the level of treatment of disease. Since the trigger for a loss of tolerance to gluten
peptides needs further elucidation, we need to focus on strategies targeting the inflammatory
cascade. (Figure 1)

This short review summarizes and discusses drug targeted therapies that are currently in
advanced phases of clinical evaluation, including failed studies from which lessons can be drawn.
We summarize strategies that are currently in preclinical stages of development and in phase 1
clinical trials in Table 1. Lastly, we will give our view on future perspectives of targeted therapeutics
in CeD.
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Figure 1. Potential therapies currently under investigation in vivo.

In celiac disease (CeD), gluten peptides cross the epithelial barrier, are deamidated by the enzyme tissue transglutaminase 2
(TG2) and loaded onto HLA-DQ2/8 molecules on antigen-presenting cells (APCs) which leads to activation of gluten-specific
CD4 T cells. Upon activation, these gluten-specific CD4 T cells secrete cytokines such as interferon-y (IFN-y), interleukin (IL-2,
IL-21 and tumor necrosis factor o (TNF-a). These cytokines mediate small-intestinal mucosal injury in cooperation with IL-15,
produced by epithelial cells upon inflammation. Intra-epithelial cytotoxic CD8 T cells are activated and secrete cytokines such as
granzyme B (GZMB) and IFN-y, creating a vicious cycle of small-intestinal inflammation. In the periphery, gluten-specific memory
CD4 T cells are continuously on guard and respond within 6 hours to gluten intake with release of inflammatory mediators
such as IL-2. There is a potential role for bacterial/viral infections in in breaking oral tolerance to gluten proteins. Treatment
strategies currently under investigation in vivo target different aspects of CeD pathogenesis. Glutenases and the anti-gliadin
antibody AGY target gluten proteins; integrin-targeted therapies and tight-junction regulators aim at improvement of barrier
function; TG2 inhibitors aim at preventing the deamidation of gluten peptides; anti-IL15 monoclonal antibodies (mAbs) target
the inflammatory cytokine IL-15; CD4 T cell targeting strategies target inhibition of rapidly expanding gluten-specific CD4 T cells;
tolerance induction strategies aim at clonal anergy/deletion of gluten-specific CD4 T cells and promotion of gluten-specific
CD4 regulatory T cell (Treg) differentiation. Abbreviations: APC, antigen-presenting cell; CeD, celiac disease; GZMB, granzyme B;
HLA, human leukocyte antigen; IFN, interferon; IL, interleukin; mAbs, monoclonal antibodies; TG2, tissue transglutaminase 2; TNF,

tumor necrosis factor; Treg, T regulatory cell.
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Table 1. CeD Clinical Pipeline: Targeted Drug Therapies.

Pre-Clinical

Drug Therapeutic approach Reference
ALL-001 Oral tolerogenic immunotherapy Sanchez-Solares et al., 20214
AGO17 Oral tolerogenic immunotherapy -
BNZ-2 Cytokine targeting of IL-15/IL-21 Ciszewski et al., 2020°
E40 Glutenase Cavaletti et al., 2019°¢
Phase 1
Drug Therapeutic approach Status Identifier
L completed, results ClinicalTrials.gov,
KAN-101 Tolerogenic immunotherapy .
awaited NCT04248855
) ) ClinicalTrials.gov,
PTG-100 Integrin-targeted therapy ongoing
NCT04524221
N . ClinicalTrials.gov,
GSK3915393 TG2-inhibitor ongoing
NCT04604795
. ) ClinicalTrials.gov,
CALY-002 anti-IL-15 mAb ongoing
NCT04593251
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Tolerance induction strategies

Loss of tolerance towards gluten peptides triggers CeD pathogenesis. Therefore, the ideal
treatment strategy would be an in vivo tolerance-inducing agent, which would reinstate tolerance
to gluten and thus allows patients to consume dietary gluten. Such an approach might utilize
tolerogenic dendritic cells (tolIDCs) which promote an anti-inflammatory environment, induce
clonal anergy or deletion of antigen-specific T cells and promote antigen-specific requlatory T cell
(Treq) differentiation, thus suppressing gluten-specific CD4 T cells in CeD. (Figure 1)

The Nexvax2 study attempted to induce tolerance through dermal vaccination of three saline-
dissolved immunodominant gluten peptides. CeD patients on a GFD received multiple doses of
NexVax2 or placebo followed by a double-blind placebo-controlled oral gluten challenge. Although
first results showed signs indicative for peripheral tolerance, during interim analysis, it was shown
that NexVax2 failed to prevent development of villous atrophy and CeD-associated symptoms
upon gluten challenge.”®

An incorrect route of administration is the most plausible reason for failure of Nexvax2. Likely, in
the absence of tolerizing agents, gluten peptides induced inflammatory rather than tolerizing
responses. In agreement, all three peptides were detected in plasma samples of the patients 45
minutes post-injection. It is therefore likely that these free peptides triggered peripheral and/or
intestinal gluten-specific CD4 T cells, leading to villous atrophy and CeD-associated symptoms.

Another approach uses intravenous administration of nanoparticles used for encapsulation of
gluten protein extract (TAK-101), ensuring the presence of a broad range of gluten epitopes.®®
These nanoparticles reach secondary lymphoid organs, such as spleen and liver, where they are
processed by macrophages and/or DCs.In a mouse model for CeD, administration of nanoparticles
increased mMRNA levels of FoxP3in splenocytes and inhibited IFN-y secretion by and proliferation
of gluten-reactive T cells, consistent with tolerance induction.” Importantly, this concept was
tested in a recent randomized clinical study.® Patients were infused at day 1 and day 8 with
nanoparticles, followed by a 14-day gluten challenge, starting 7 days post-infusion. After a 6-day
gluten challenge, the placebo group showed an increase in circulating gluten-reactive (IFN-y?*)
CD4 T cells, Treg cells and activated CD8 and y& T cells, whereas these cells were decreased in
the nanoparticle treated group. Despite this decrease in gluten-induced peripheral reactivity, only
a minor improvement in duodenal mucosal injury was observed. Moreover, in both groups, an
increase in intra-epithelial lymphocytes (IELs) of unknown phenotype was observed. Additionally,
injection of nanoparticles did not lead to an increase in peripheral Tregs. However, it may be that
antigen-specific Treg cells localize at the site of antigen presentation. Overall, the TAK-101
nanoparticle approach may have merits but a more definitive evaluation awaits substantially
larger clinical studies.

In vivo tolerance induction is an attractive treatment strategy for CeD as the disease-inducing

T-cell epitopes are known.? However, multiple questions need to be addressed. For CeD
specifically, studies have shown an impaired function of peripheral FoxP3* Tregs.>*

31



Chapter 2

It is of interest to assess if induced FoxP3* Tregs are antigen-specific, secrete IL-10 and if induced
tolDCs are capable of reprogramming FoxP3* Tregs in CeD. More generic questions regarding
tolerogenic immunotherapy are about method of administration and optimal dosing/timing
strategies. Also, there is uncertainty about the duration of the tolerogenic response and whether
it is maintained after inflammatory signals which disrupt the balance, such as a gastrointestinal
infections. Although further investigation is needed, the first steps have been made towards
tolerance induction in CeD.

Gluten degradation by glutenases

Oral enzyme therapy for CeD is attractive, since immunogenic gluten peptides are initiators of the
pathogenic cascade. First peptidase therapies used proteases, shown to be highly efficient in
decreasing immunogenicity of proline-rich gluten peptides in vitro'> . However, this was not
consistently reflected in various in vivo studies”?2 This is attributed to an impact of the acidic
environment in the stomach on the degradation efficiency and interference of other dietary
components.?* Nevertheless, the acid-resistant enzyme Aspergillus Niger-derived prolyl
endopeptidase (AN-PEP) is now currently commercially available (Tolerase G). Moreover,
randomized phase 2 trials are ongoing with latiglutenase (IMGX003, formerly ALVOO3)
(ClinicalTrials.gov, NCT03585478) although previous studies have shown conflicting results
regarding its effect on villous atrophy and clinical symptoms, and a gluten degradation efficiency
of only 88%.1&1°

A phase 1 study evaluating a newly engineered endopeptidase (TAK-062)*, targeting proline and
glutamine peptide motifs simultaneously was recently published.?> In this study, healthy
individuals ingested TAK-062 before a complex meal containing 1-6 gram gluten. Efficiency of
gluten degradation at 20-65 min post-TAK-062, showed 97-99% gluten degradation in aspirate
samples from the stomach. However, calculated residual gluten showed median amounts up to
38 mg. This is potentially of clinical relevance, since amounts as low as 10 mg gluten may be able
to trigger the immunological cascade.?®?” Yet, these data show high potency of TAK-062, and
further studies in CeD patients are awaited.

Tissue transglutaminase inhibition

Inhibition of intestinal TG2 prohibits deamidation of gluten peptides and prevents an unsolicited
gluten-specific CD4 T cell response. (Figure 1) In 2018, proof-of-concept for this strategy was
shown in a mouse model of intestinal inflammation.?® This was followed by a phase 2, randomized,
placebo-controlled trial in patients with CeD.?° Daily oral administration of ZED1227 for 6 weeks
combined with a daily 3 gram gluten-challenge decreased mucosal injury in CeD patients, as
measured by villous height to crypt depth ratio. Most common adverse events (AEs), of similar
incidence in placebo and treatment groups, were of gastrointestinal nature, including nausea,
vomiting, diarrhea and abdominal pain. Possibly, this is attributed to the fact that ZED1227 was
administered only 30 minutes before the gluten challenge. However, since the nature of these
AEs could also indicate gluten-reactivity, it is crucial to perform additional studies. Nonetheless,
this is the first pharmacological approach that has shown signs of protection towards gluten-
induced mucosal injury.

32

Celiac Disease: New therapies on the horizon

Cytokine targeting by monoclonals

IL-15 is an important inflammatory driver in CeD, produced by intestinal epithelial cells and lamina
propria cells.3° Overexpression of IL-15 stimulates intra-epithelial cytotoxic CD8 T cells, leading to
intestinal tissue destruction. (Figure 1)

The first trial targeting IL-15 evaluated an anti-IL-15 monoclonal antibody (mAb) (AMG 714).3'In
this randomized, placebo-controlled trial, CeD patients on a GFD were challenged with 2-4 gram
daily gluten and were injected every two weeks with a total of six doses anti-IL-15 mAb. Results
showed signs of improvement in clinical symptoms, particularly diarrhea. However, results did not
show prevention of villous atrophy and an increase in IEL density was reported. Despite these
results, further assessment of AMG 714 is continued (under the name PRV-015) in a randomized
phase 2 trial with CeD patients (ClinicalTrials.gov, NCT04424927). Irrespective of its potential as a
therapeutic it should be noted that monoclonals are expensive and require maintenance therapy.

Improving barrier function

In CeD, paracellular permeability is increased by intestinal inflammation. Larazotide acetate is a
single-chain eight-amino acid peptide that is believed to act as a tight junction regulator, capable
of restoring intestinal barrier function. A randomized study in 342 CeD patients treated with
different doses of larazotide showed mixed results, with only the lowest dose of 0.5 mg showing
an effect on clinical symptoms.3? Higher doses did not differ from placebo and no effects on
intestinal mucosa were reported. The role of larazotide in the treatment of CeD is under debate as
there is no rationale for the proposed mode of action.3*34 Nevertheless, this compound is currently
investigated in a phase 3 clinical trial (ClinicalTrials.gov, NCT03569007).

Conclusion

A GFD is a safe and effective treatment for the majority of CeD patients. Any new treatment has
to be at least as effective and safe in order to justify the higher costs that are inevitably associated
with a pharmacological treatment. Having said that, there is an unmet need for certain groups of
patients who may benefit from novel treatment modalities currently under investigation.

With several novel treatment options on the horizon, the treatment of CeD has entered an exciting
new era. Preventing the onset of CeD entirely would be the most desirable approach but studies
with early or delayed introduction of gluten have not proven to be effective. Other preventative
measures such as vaccines for enteroviruses? 3¢, reoviruses and bacteria, may prove effective
but this awaits evaluation.

Novel therapeutics preferably aim at immunological components either upstream or at the level
of gluten-reactive CD4 T cells rather than targeting downstream inflammatory events.

Targeting gluten, TG2, APCs for tolerization, and gluten-reactive CD4 T cells themselves all fulfil
this requirement. In this respect, the results of the phase 2 trial with teriflunomide (ClinicalTrials.
gov, NCT04806737), which targets rapidly proliferating lymphocytes i.e. gluten-reactive CD4 T
cells will be of interest.

Among the drugs that are currently under clinical investigation, tolerance induction with
nanoparticles loaded with gluten extract (TAK-101) and inhibition of TG2 are of interest since they
are so far the only ones to show a decrease of gluten-induced mucosal injury.
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Other drugs, including PRV-015 (AMG 714) and the anti-gliadin antibody (AGY)3® (currently in a
phase 2 clinical trial (ClinicalTrials.gov, NCT03707730)), have shown signs of efficacy in terms of
improvement in clinical symptoms, but their effect on mucosal injury needs to be established.
With regard to enzyme therapy, TAK-062 is the first to show a highly efficient gluten-degradation
capacity in vivo, an essential prerequisite for prevention of a gluten-specific CD4 T cells response
in the small intestine. In this regard, it should be noted that CeD patients show varying
immunological and clinical responses to different amounts of gluten.?®> Whether such enzymes
are capable to effectively and reliably neutralize an entire gluten containing meal awaits further
investigation. Alternatively, such enzymes can be used as an adjunct to a GFD to prevent
symptoms due to gluten contamination.

In conclusion, research in the field of novel treatment modalities for CeD is very active and
treatments under investigation hold promise for the unmet needs of CeD patients. Before they
can be incorporated in the treatment armamentarium, several key question relating to efficacy
and safety endpoints have to be answered. Until then, the GFD remains the gold standard for the
treatment of CeD.
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