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Abstract

Zonulin is a physiological modulator of intercellular tight junctions, which upregula-

tion is involved in several diseases like celiac disease (CeD). The polyQ gliadin fragment

binds to the CXCR3 chemokine receptor that activates zonulin upregulation, leading

to increased intestinal permeability in humans. Here, we report a general hypothesis

based on the structural connection between the polyQ sequence of the immunogenic

CeD protein, gliadin, and enteric coccidian parasites proteins. Firstly, a novel interac-

tion pathway between the parasites and the host is described based on the structural

similarities between polyQ gliadin fragments and the parasite proteins. Secondly, a

potential connection between coccidial infections as a novel environmental trigger of

CeD is hypothesized. Therefore, this report represents a promising breakthrough for

coccidian research and points out the potential role of coccidian parasites as a novel

trigger of CeD that might define a preventive strategy for gluten-related disorders in

general.
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INTRODUCTION

Zonulin is a physiological modulator of intercellular tight junctions

involved in intestinal macromolecule trafficking and regulation of the

intestinal barrier function connected with several autoimmune dis-

eases, including celiac disease (CeD).[1–4] The ongoing CeD disease

process gives rise to a variable degree of intestinal damage. The

mucosa progresses from intraepithelial and lamina propria villous infil-

tration of inflammatory cells (intraepithelial lymphocyte)[5] to villous

atrophy, crypt hyperplasia, and flattening after the ingestion of gluten.

Gluten is a complexproteinmixture present inwheat (gliadins),[6–8] rye

(secalins), barley (hordeins), and some varieties of oats (avenins).[9,10]

Those intestinal epithelial changes have been systematically classified

(Marsh stages I through III) to diagnose the disease.[11–13] Recently,

it has been reported that non-celiac wheat sensibility (NCWS) is also

characterized by an increase in intestinal permeability independently

from the existence of CeD; however, the molecular mechanism is

unknown.[14,15] It has been uttered thatwheat gliadin is handled by the

host as if it were a microorganism, for instance, because of the early

innate immune activation it induces.[16] With regard to increased per-

meability, pathogenic bacteria have been shown to exert this effect,

for instance, Salmonella typhimurium and Vibrio cholerae.[17] Moreover,

chronic inflammatory bowel diseases, ulcerative colitis, and Crohn’s

disease, which often occur following an episode of traveler’s diarrhea,

show increased intestinal permeability and are thought to reflect mis-

balances in themicroflora or loss of its tolerance.[18–23]

The traveler’s diarrhea is associated with human-related coccid-

ian parasites mainly, cyclosporiasis, and is reported worldwide.[24]

In general, coccidian parasites are responsible for diseases targeting

the digestive tract of vertebrates causing acute enteritis of varying

severity.[25–28] The most well-studied host-parasite system is chicken

coccidiosis because it has a substantial adverse economic impact

with an estimated global cost of more than 2 billion US dollars per

year.[28,29] Interestingly, Chen et al.[30] have reported that broiler

chickens subjected to a rye-wheat-barley diet experienced a clear gut

barrier failure with higher ileal mucosal zonulin gene expression com-

pared to those fed with maize,[31] but the reason remains unclear.

Besides these findings, CeD and coccidiosis share many similarities

summarized in Table 1.

Up to now, bacterial infections[6] and gliadin proteins[6–8] are

known powerful triggers of the zonulin release leading to intestinal

permeability, however, it is observed in other many diseases.[2] The

upregulation of zonulin facilitates the paracellular translocation of

diverse stressors (dietary) antigens and pathogens from the intesti-

nal lumen into the lamina propria leading to immune response, inflam-

mation (tissue damage), and possibly immune dysfunction.[6,7,10,44]

During the early stages of CeD, zonulin is released from the epithe-

lium via gliadin binding to apically expressed CXCR3 chemokine

receptors.[6,45] At least two different 20-mer gliadin fragments were

shown to bind to CXCR3 and increase intestinal permeability.[6]

Among them, the polyglutamine (polyQ) P4022 peptide fragment

(120QQQQQQQQQQQQILQQILQQ139) has been reported.[6] Impor-

tantly, the CXCR3 chemokine receptor is luminal abundantly upreg-

ulated in active CeD,[2,6,44,46] but the underlying reasons are not

clear. However, after the implementation of a gluten-free diet, CXCR3

expression returns to basal levels. Additionally, since the CXCR3 is an

interferon-inducible chemokine receptor expressed on epithelial cells

and various immune cell types, it is hypothesized that this receptor is

originally designed for innate defense against microorganisms.[2]

By a stringent Basic Local Alignment Tool search (BLAST[47]) of

polyQ P4022 against the non-redundant protein database excluding

the Gramineae family, we found high sequence identity (near 90%

amino acid identity) and significance (E-value of 7e−10) of the α-gliadin
polyQ peptide with proteins from different species of the enteric pro-

tozoa Eimeria related to coccidian parasites in chicken, and other ver-

tebrates. More than 100 different polyQ-containing proteins were

TABLE 1 Similarities between celiac disease and coccidiosis

Similarities between

coccidiosis and celiac disease

Route through body Targeting the intestinal lumen (epithelial cells) through oral intake. Gastrointestinal digestion

resistance,[27,32,33] and detection in excrements, urine and faeces.[27,34,35]

Localization in the

gastrointestinal tract

Intestinal epithelium and ability to reach the lamina propria.[9,27,28,36]

Immune response Induction of an inflammatory response activates an innate and adaptive immune response.[9,37,38]

Involved cells andmolecules Involvement of NK cells, DC, epithelial cells, heterophils, neutrophils, andmacrophages. Activation of TLR

receptors (TLR4). Production of IFN-γ, TNF-α, TGF-β1, and cytokines IL-2, IL-6, IL-8, IL-15, and IL-16.
Eosinophilia and decrease in the level of anti-IgA.[10,38–41] Upregulation of CxCL9-11 chemokines.[42]

Gastrointestinal, metabolic

disturbances

Loss of epithelial cells, villous atrophy, crypt destruction, infiltration of lamina propria with inflammatory

cells, and gut barrier failure.[2,10–13,27,30]

Symptoms Fever, malaise, abdominal pain, diarrhea, steatorrhea, andweight loss.[10,27,28]

Prevalence CeD pooled global prevalence is 1.4%.[43]

*In endemic countries, Cyclospora infection has an average rate of 1.7%.[24]

Abbreviation: TLR, Toll-like receptor; NK, natural killer cell; DC, dendritic cell; IFN, interferon; TNF, tumor necrosis factor; TGF, transforming growth factor;

IL, interleukin.
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F IGURE 1 Summary of the proposed hypothesis. (A) Normal epithelial cells with low expression of CXCR3 chemokine. (B) Upregulation of
zonulin expression and its release is triggered by binding PolyQ proteins to the CXCR3, thus contributing to the parasite’s early entrance into
lamina propria (pathway 2) accompanied by the other components of the intestinal milieu, leading to immune response, inflammation (tissue
damage) and priming. A plausible mechanism is that CXCR3 binding leads to zonulin activation via the recruitment ofMyD88 and the physical
association of CXCR3with this adaptor protein.[45] MyD88 is originally associated with TLRs and IL-1R family, and thus with NfKB signaling.
MyD88 has also been associated with the Interferon-gamma Receptor, which induces a pro-inflammatory response. Furthermore, zonulin has an
EGF-likemotif in it and transactivates EGFR via PAR2.[4] Both PAR-2 and EGFR cooperate in opening of the tight junctions leading to the observed
increase of intestinal permeability. (C) As innate response of the host towards coccidial infection the CXCR3 remains highly overexpressed in the
epithelial cells after the coccidiosis episode. (D) Gliadin PolyQ sequences present in the diet bind to the highly expressed CXCR3 receptors,
starting zonulinmediated increase of the permeability, leading to themassive flux of the intestinal milieu in lamina propria which results in immune
response, inflammation, tissue damage and in the case of susceptible individuals to immune dysfunction leading to CeD or the different
gluten-related disorders. Here, the presence of other toxic and immunodominant gliadin fragments activate the innate and adaptive response
observed in CeD.[2] Created with BioRender.com

found in three human parasites:Cyclospora cayetanensis, and bothCryp-

tosporidium hominis andCryptosporidium parvum.[24,27,48–52] At least six

of the found proteins have high sequence identity (> 85%) and signifi-

cance (E-value< 1e−10) to the CXCR3-related α-gliadin polyQ peptide

P4022.

Based on these findings and an extensive literature search, we

present here two novel scenarios that may open new research areas in

coccidian research and in gluten-related disorders treatment and pre-

vention:

1. Coccidian parasites are a new trigger of zonulin upregulation and

release via the polyQ gliadin-CXCR-type chemokine pathway, thus

representing an underappreciatedmechanismof coccidial infection

(Figure 1 A-C).

2. Human coccidian parasites are an environmental trigger or predis-

posing factor for CeD and other gluten-related disorders by the

upregulation of CXCR3 (Figure 1 A-D).

Importantly, the coccidiosis episode as a predisposing factor toCeD,

may explain the fact that only 1.4% of the general population develop

CeD although that HLA-DQ2 and/or HLA-DQ8 haplotype is common

in the general population (30%) which shows that gluten consumption

alone is essential but not sufficient to develop CeD.

DISCLOSING THE ROLE OF POLYQ GLIADIN
PEPTIDE/CXCR3 INTERACTION AS NOVEL
PATHWAY IN COCCIDIOSIS

Gliadin polyQ sequence is found in proteins of the
enteric protozoa Eimeria and Cyclospora

We performed a BLASTP search against the non-redundant protein

database, excluding the Gramineae family (taxid: 4479).[47] It was

expected to find several polyQ sequences since such imperfect polyQ
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TABLE 2 BLASTP-search hits for the polyQ P4022 sequence (120QQQQQQQQQQQQILQQILQQ139) of α-gliadin

Panel 1: Eimeria proteins associatedwith chicken coccidiosis

Hit # Description Species NCBI access number Matching sequence Subcellular

/topological

localizationa

1 tRNA-splicing

endonuclease positive

effector

E. brunetti CDJ52926.1 422QQQQQQQQQQQQLLQQLLQQ441 T (double-pass)/E

2 Hypothetical protein E. maxima XP_013334286.1 924QQQQQQQQQQQQLLQQLLQQ943 T (single-pass)/I

3 Hypothetical protein E. mitis XP_013355649.1 26QQQQQQQQQQQQLLQQLLQQ45 I/I

4 Hypothetical protein EPH

0046580

E. praecox CDI76686.1 87QQQQQQQQQQQQMLQQILLQQ107 E/E

5 Translation initiation

factor 3 subunit 10

E. maxima XP_013336659.1 264QQQQQQQQQQQQVLQQVLQ282 I/I

Panel 2: Proteins associatedwith human coccidiosis

1 Plectin C. cayetanensis XP_026192064.1 124QQHQQQQQQQQQPLQQLLQQ143 I/I

2 Transcription factor

kayak

C. cayetanensis XP_026189818.1 258QQQQQQQQQQQQIQQQQIQQQ278 E/E

3 Myb-like protein P C. hominis OLQ19473.1 2230QQQQQQQQQQQQQLQQ-LQQ2248 I/I

4 Myb-like DNA-binding

domain

C. hominis TU502 XP_665879.1 1854QQQQQQQQQQQQQLQQ-LQQ1872 I/I

5 Hypothetical protein C. parvum Iowa II QOY40252.1 2284QQQQQQQQQQQQQLQQ-LQQ2302 I/I

6 Ubiquitin C-terminal

hydrolase

C. parvum Iowa II XP_626187.1 660QQQQQQQQQQQQQQQQQLQQ679 I/I

Note: Panel 1: Best five output proteins (∼ 90% amino acid identity, E-value < 1e-9) retrieved from a stringent BLASTP[47] search against the non-redundant

protein database excluding the Gramineae family (taxid: 4479) using the P4022 sequence as a query in non-gluten related proteins. P4022-matching

sequences are depicted indicating the flanked amino acids (uppercase numbers) and mismatch residues (underlines). Panel 2: Best two (> 85% amino acid

identity, E-value < 7e-10) proteins from each human coccidian parasites: C. cayetanensis (taxid: 88456), and both C. hominis (taxid: 237895) and C. parvum
(taxid: 5807). The sequences were retrieved in September 2020.

Abbreviation: T: Transmembrane, E: extracellular, and I: intracellular.
aSubcellular localization prediction was performedwith Protter.[61]

repeats have been found in at least 17 eukaryotic proteomes.[53] The

five top hits with high significance (E-value < 1e−9) and high sequence

similarity (> 85% identity) to the celiac α-gliadin polyQ P4022 pep-

tide included proteins from pathogenic organisms and are presented

in Table 2, Panel 1. Interestingly, all best five BLASTP-output proteins

with up to two mismatches in the P4022-matching sequence belong

to the genus of protozoa Eimeria, phylum Apicomplexa. As of Septem-

ber 2020, other proteins were also retrieved from the BLASTP search,

not only from Eimeria species but also from other organisms. The ones

reported here were consistently ranked as top 5 hits over several

BLASTP searches performed over time.

Coccidia of the family Eimeriidae, such as Eimeria species, are

monoxenes (one-host parasites), a group of obligate intracellular par-

asites of great interest in vertebrates causing acute enteritis and

coccidiosis.[25–28] Seven Eimeria species are recognized to affect chick-

ens:E. acervulina,E. brunetti,E.maxima,E.mitis,E. necatrix,E. praecox, and

E. tenella.[54] The different Eimeria species have distinctive characteris-

tics in prevalence, pathogenicity, infection in the intestine, and oocyst

morphology.[28,55] Eimeria tenella affects the paired caeca, leading to

extensive bleeding. The presence of lesions due to the second gener-

ation of schizonts deeply compromises the intestinal epitheliumwithin

the lamina propria.[56] Eimeria maxima infects the mid-small intestine,

leading to a thickening of the intestinal lining accompanied by amucoid

to bloody exudate. Eimeria mitis and E. praecox both infect the upper

small intestine. Eimeria brunetti and E. necatrix affect the distal small

intestine and the colon, being able to cause severe pathology.[28]

From the BLASTP query, only the tRNA-splicing endonucle-

ase positive effector (Hit 1) and the eukaryotic translation initia-

tion factor 3 (Hit 5) have known biological functions. The tRNA-

splicing endonuclease positive effector contains a domain belonging

to the P-loop containing nucleoside triphosphate hydrolases (Inter-

Pro Domain: IPR027417), which are DEAD-like helicases involved in

ATP-dependent RNA or DNA unwinding.[57] Moreover, the tRNA-

splicing endonuclease positive effector bears twoDEXXQ-box helicase

domains of the RNA/DNA helicase senataxin (SETX). SETX is involved

in transcription, neurogenesis, and antiviral response. Mutations in

SETX have been linked to two neurodegenerative disorders: ataxia

with oculomotor apraxia type 2, and amyotrophic lateral sclerosis type

4.[58] Theeukaryotic translation initiation factor3, subunit 10, is a com-

ponent of the eukaryotic translation initiation factor 3 (eIF-3) complex.

It participates in several steps of the initiation of protein synthesis.[59]

It may regulate cell cycle progression and cell proliferation[60] which
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may be important steps to intervene in the parasite infection. Up to

now, no pathogenic role of the identified proteins has been reported.

However, it requires to be investigated, considering that only their

gene sequences were uploaded to the GenBank in October 2013 as

part of a genomic analysis that studies the causative agents of coccid-

iosis in chickens.

Until now, only four coccidian parasites have been reported to

infect humans: Cystoisospora belli, Cyclospora cayetanensis, and both

Cryptosporidium hominis and Cryptosporidium parvum.[24,27,48–51,62]

Cyclospora cayetanensis is currently considered the “human Eimeria’’

that causes human coccidiosis[27,63]. Accordingly, based on a reeval-

uation of the parasite molecular taxonomy, it has been suggested

that the human-associated Cyclospora is closely related to Eimeria

species, and it has to be considered as a mammalian Eimeria species

and associated with traveler’s diarrhea[64,65]. Cyclosporiasis has been

reported worldwide in both developed and developing countries, but

it is most common in tropical and subtropical areas[24] with a high

prevalence in Turkey 5.7% and Peru 4.3%.[66] In 2010, the preva-

lence rate in endemic areas of 22 countries ranged from 0% to 13%

(average 1.7%).[24] Notably, at least 30 outbreaks of cyclosporiasis

together with a second coccidia species, cryptosporidiosis, were asso-

ciated with contaminated water and food over the last two decades

worldwide.[24] In North America, 11,500 cases of cyclosporiasis were

registered between 2016–2019.[24] In 2011, Sweden reported the

two most extensive cryptosporidiosis episodes ever in Europe, affect-

ing around 47,000 people.[67] In the case of CeD, a recent meta-

analysis showed that the pooled global seroprevalence is 1.4%.[43]

Interestingly, among the European countries, Sweden reported a

higher prevalence of patients with CeD (2.6%) than the European

average.[24] In Peru where cyclosporiasis is endemic, a recent study

shows a CeD prevalence of 1.2% which is one of the highest in South

America.[68]

Next, a phylogenetic tree was built using the Eimeria P4022-like-

containing proteins and 17 BLASTP-based homologous proteins and

revealed that three of the five Eimeria proteins (tRNA-splicing endonu-

clease positive effector from Eimeria brunetti; Hypothetical protein

from Eimeria mitis; and eukaryotic translation initiation factor 3, sub-

unit 10 from Eimeriamaxima) clusteredwith their homologous proteins

of the human infecting parasiteCyclospora cayetanensis (Figure S1). This

suggested that in terms of phylogeny, they seem to be orthologous

proteins, matching with the fact that Cyclospora cayetanensis is con-

sidered the “human Eimeria” causing human coccidiosis.[27,63] There-

fore, we performed a second search[47] of the polyQ P4022 sequences

restricting the BLASTP search to reported human coccidian parasites

retrieving the following outputs (Table 2, Panel 2): Cystoisospora belli

(taxid: 482538), Cyclospora cayetanensis (taxid: 88456), and both Cryp-

tosporidium hominis (taxid: 237895) and Cryptosporidium parvum (taxid:

5807). We found more than 100 different polyQ P4022-containing

proteins bearing at least six of them with both high sequence iden-

tity (>85%) and significance (E-value<1e−10) to the gliadin polyQpep-

tideP4022 (Table 2, Panel 2).Noprotein belonging toCystoisospora belli

was retrieved from the BLASTP search, perhaps because of a lack of

data. The NCBI protein database for this organism only consists of one

protein.

Regarding their functions, until now, none of the six selected pro-

teins from human coccidia (Table 2, Panel 2) has been linked to enteric

pathogenic processes. Plectin is considered a universal biological orga-

nizer that cross-links several elements of the cytoskeleton,[69] and the

transcription factor kayak has been proposed to control the circadian

behavior in Drosophila.[70] The transcription factor Myb-like protein P,

and its Myb-like DNA-binding domain is part of a large gene family

of transcription factors with highly conserved DNA binding domains

found in insects, higher plants and vertebrates. They are often involved

in regulating differentiation and proliferation and are implicated in

many tumors.[71,72] The ubiquitin C-terminal hydrolase of the cysteine

proteinase fold seems to be involved in ubiquitin-dependent protein

catabolic processes.[73] In August 2021, we performed a new BLASTP

search to find new related proteins in an attempt to identify to identify

their functions, but not significant similarities were found.

Searching for structural characteristics of the
coccidian polyQ P4022-like-containing proteins

The high sequence similarity of proteins of the coccidiosis-causing

Eimeria species and proteins of human coccidian parasites with the α-
gliadin polyQ P4022 peptide paves the way for a possible sequence-

related mechanism. To interact with partner proteins (e.g., receptors),

these sequences need to be exposed to the solvent (see Table 2). Con-

sidering the lack of structural information, we performed some initial

bioinformatic analysis to search for evidence about structural similar-

ities between gliadin and the discovered proteins. In particular, the

localization of the polyQ sequence would support its alleged role in

coccidia pathomechanism.

The primary sequence analysis of the P4022-like-containing pro-

teins indicated that they are polyQ proteins, seven of them contain-

ing multiple polyQ repeats. According to the definition of Ramazzotti

et al.,[53] most of them are classified as impure polyQ repeats. In this

regard, the interruption of pure primary polyQ sequenceswith specific

amino acids (up to 25% out of the total polyQ sequence) like leucine,

makes the structure less aggregation-prone.[53,74,75] A remarkable

example is illustrated with the delay of the onset and severity of

human neurodegenerative diseases, such as ataxin 1 polyQ involved in

Spinocerebellar ataxia type 1.[76–78]

In the previously reported α-2-gliadin model (Figure 2), the region

120–139 that corresponds to P4022 is solvent-exposed, reinforcing

the idea that the polyQ stretch could directly interact with target

proteins.[79] For all the eleven proteins obtained in the BLASTP search,

we performed structural modeling using the PHYRE2 server.[80] Only

two protein sequences were obtained with high confidence (more

than 90%): the eukaryotic translation initiation factor 3 subunit 10

from Eimeria maxima and the Myb-like DNA-binding domain from

Cryptosporidium hominis. The three-dimensional modeling of the two

P4022-containing proteins shows that the PolyQ-matching sequences
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F IGURE 2 Location of the polyQ region in the 3Dmolecular models. The α-2-gliadin from Triticum aestivumwas previously modeled.[79] The
eukaryotic translation initiation factor 3 subunit 10 from E. maxima and theMyb-like DNA-binding domain from C. hominisweremodeled by the
PHYRE2 server[80] in the intensivemode and energyminimized in the same conditions as we previously described[79] to remove any clashes.
Models were prepared using VMD1.9.3[81] represented in surface and colored by secondary structure content as orange (helix), cyan (β-sheet),
and white (random-coil). The polyQ and P4022 homology regions are shown in balls and sticks for clarity.

are located in a helical context andpartially exposed to the solvent (Fig-

ure 2).

Sequence-based disorder probability analysis of the P4022-like-

containing proteins from Eimeria and human coccidia showed that the

matching regionswith thepolyQP4022 sequence areprimarily located

in disordered areas, making them accessible to the solvent (Figures 3B

and 3C).

Five proteins have coiled-coil domains (α-helical super secondary
structures) overlapping with the polyQ stretch of the P4022-like

sequences (Figure 3B and 3C). Such structural overlapping is known

to regulate aggregation, insolubility and activity of polyQ proteins.[82]

Thus, these structural features suggest that the P4022-matching

sequencesmaybe accessible to interactwith the host intestinal epithe-

lium directly, as gliadin does (Figure 3A).

Theremay be two scenarios in which the solvent-accessible P4022-

matching sequences may interact with the host intestinal epithelium

without previously digestion of the P4022-like-containing proteins: (I)

the P4022-like sequence is part of an extracellular domain of a trans-

membrane protein; and (II) the P4022-like sequence is part of a cytoso-

lic protein which is secreted in the proximity of the host intestine

epithelium. This last situation was reported for many Eimeria invasion-

related proteins secreted from parasite apical organelles to fulfill the

parasite invasion process, that is, adhesion/locomotion, invasion of the

host cell, and intracellular multiplication in the host intestine.[28,55,63]

In this regard, computational predictions showed that two of the Eime-

ria P4022-containing proteins (Hits 1 and 2 of Table 2, Panel 1) are

transmembrane proteins, exposing only one of them (Hit 1) the P4022-

matching sequence to the extracellular space of the protozoa (Figure

S2). Moreover, one of the five Eimeria proteins is predicted to be extra-

cellular (Hit 4), exposing the P4022-matching sequence to the para-

site’s extracellular space. The other two Eimeria proteins are likely to

be cytosolic (Hit 3 and 5), being their P4022-like sequences immersed

into the protozoa cytoplasm space (Table 2, Panel 1).

A NOVEL INTERACTION PATHWAY OF COCCIDIA
THROUGH THE POLYQ/CXCR3 AXIS

Coccidiosis: Eimeria and Cyclospora parasites

The life cycle of all coccidian parasites is similar in all species. It

starts when partially sporulated oocysts are shed in feces and then

into the environment, persisting for several weeks or months.[84,85]

Once the infective forms of the oocysts, mostly sporulated, reach

the host intestine through contaminated food and/or water consump-

tion, they invade epithelial cells and lamina propria and perform their

replication.[28,36] The replication of Eimeria and human coccidia takes

place in intestinal epithelial cells or at another location (intestinal

crypts) of vertebrate animals (herbivores and carnivores) progressing

through sequential rounds of asexual (schizogony) and sexual (game-

togony) reproduction causing acute enteritis of varying severity which

leads to fairly extensive haemorrhage accompanied by a mucoid to

bloody exudate.[25–28,36,55,56,86]

Although the parasite cycle and its diagnostic criteria are

known,[27,28,36,87–89] the molecular mechanism underlying the host’s

invasion remains scarce. Dubey et. al.[36] reported a re-evaluation

of the life cycle of Eimeria maxima Tyzzer, showing that only after 12

h of infection sporozoites are not only found in the surface of the

epithelium but also in the lamina propria. Specific characteristics of

the parasite surface molecules and the site itself, such as molecules

present on intestinal cell surface, may act as receptor or recognition

sites.[63,87,88] Several reports suggest that in the early stages of
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F IGURE 3 Disorder probability of target proteins found by BLASTP search of the P4022 peptide. Intrinsically disorder-probability plots of (A)
wheat α-2-gliadin from Triticum aestivum and best scored (B) Eimeria proteins, and (C) human coccidian proteins, were calculated using the PrDOS
server[83] setting a 5% threshold (false positive rate, horizontal line). The primary sequence representation is given in the number of amino acids.
In black, different polyQ sequences are present in each protein; in red, the P4022 and polyQ P4022-matching sequences; and the grey bars depict
coiled-coil regions when available in the UniProt database.
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infection, the interaction between microneme proteins (MICs) and

their receptors on the target host cell surface are relevant for the

parasite adhesion to the host epithelial cells.[88]

Schmid et al. focused on Eimeria falciformis development and

immune response in mice, demonstrating that oocyst output was

impaired in IFNγ-R−/- and IDO−/- mice, both of which suggest a sub-

version of IFNγ signaling by the parasite to promote its growth.[42]

They also reported an increased CxCL9 and CxCL10 gene expression

during early and late infection (24 h and 144 h, respectively). The

CXCR3 is a common primary receptor for chemokines CxCL9-11. In

the case of Eimeria falciformis,[42] the parasite growth was enhanced

in animals in which CxCR3 was chemically inhibited by subcutaneous

administration of AMG487, twice a day after infection with Eimeria.

Since the inhibitor was added subcutaneously, it may be that only the

CXCR3 receptor on immune cells was blocked and that for this rea-

son these immune cells could not be recruited anymore to the place

of damage, resulting in a free space for Eimeria to (increasingly) grow

in the intestinal cells. Additionally, since IFNγ promotes the growth of

oocysts, and IFNγ was already being produced after infestation, this

may lead to observed oocysts growth. Here, a CXCR3−/− KO model

in parallel would be helpful to investigate the role of CXCR3 on the

intestinal cells and further understand its role in immune cells. Addi-

tionally, it would be relevant investigate the presence or absence of

PolyQ sequences in Eimeria falciformis.

To compare, in the active CeD, IFNγ is one of the most predominant

cytokines secreted by immune cells. And as observed in the model of

Eimeria falciformis,[42] the expression of the mRNA of CxCR3, CXCL10,

andCXCL11 are significantly higher in duodenal biopsies of activeCeD

patients than in healthy controls.[90]

The only treatment for Coccidia infections is based on coccidiostat

and coccidiocidal drugs.[91] In chicken, live coccidian vaccines were

also employed; however, their usage is more restricted due to drug

resistance and high production cost.[88,92]

The polyQ P4022/CXCR-type interaction axis as an
early event in the coccidian parasite invasion
mechanism

ThegenusEimeria is fairly largewithover1800 species, andhas ahighly

diverse host range, affecting members of all vertebrate classes,[93]

including Gallus gallus (chicken), Capra hircus (goat), Ovis aries (sheep),

Bos taurus (cattle) and Oryctolagus cuniculus (rabbit).[28,56,94,95] Inter-

estingly, the orthologous to the human CXCR3 can be found in sev-

eral typical host species, such as goat (NP 001272652.1), sheep (XP

004022228.3), cattle (NP 001011673.1), rabbit (XP 002720135), and

mouse (NP034040.1).[94,96–98] Therefore,weproposed that the polyQ

P4022/CXCR-type interaction may be a novel molecular event leading

to coccidian parasite entrance in lamina propria (Figure 1B, pathway 2)

via a conserved mechanism across several species, but simultaneously

different from that reported via crypt epithelial cells infectedwithCoc-

cidia (Figure 1B pathway 1).[27,36,56] In this scenario, the CXCR3works

as innate receptor in epithelial cells, where the host triggers the upreg-

ulationofCXCR3 in the response to theparasite invasion, providing the

host a faster immune responsebefore theparasite infects the intestinal

tract. Importantly, the polyQ/CXCR-interaction axis could explain the

zonulin increase and barrier failure observed in chickens while feeding

with gluten-containing cereals or infected by Eimeria.[30]

At themolecular level, CXCR3binding leads to zonulin activation via

the recruitment ofMyD88 and the physical association of CXCR3with

this adaptor protein.[45] MyD88 is originally associated with TLRs and

IL-1R family, and thuswithNfKB signaling. In Lammers et al.,[6] no acti-

vation of nuclear factor kB, IRF-3 or p38 was found. MyD88 has also

been associated with the Interferon-gamma Receptor, so IFNγ can

induce a pro-inflammatory response as Schmid et al. reported.[42] The

association of epithelial CXCR3with another receptor “by proxy” could

be one possibility to explain the recruitment of MyD88 to CXCR3.

Or, it could be a direct involvement because of the TIR domain that

was found in the tail of CXCR3. Furthermore, zonulin has an EGF-like

motif in it and transactivates EGFR via PAR2.[4] Both PAR-2 and EGFR

cooperate in intestinal permeability (Figure 1B). In turn, the polyQ

P4022-sequence/CXCR-type would promote or allow the direct inva-

sion of the coccidian parasites into the lamina propria and other non-

endogenous antigens from the diet like gliadin peptides via the paracel-

lular transport (Figure 1B). These events trigger an immune response,

inflammation (tissue damage), and priming. Next, upregulation of the

CXCR3 is an early host defense mechanism against the coccidian para-

site (Figure 1C).

TARGETING THE ORTHOLOGOUS CXCR3
CHEMOKINE RECEPTOR IN CHICKENS

Considering the high economical cost of coccidiosis in chickens, we

investigated the existence of the chicken orthologous of the human

epithelial chemokine receptor CXCR3. In the genome of Gallus gallus,

several chemokine receptors are missing, including CXCR3[99]. How-

ever, four CXCR genes have been identified in the Gallus gallus genome

(CXCR1, CXCR2, CXCR4, andCXCR5). Only CXCR5 has been reported

as the paralog of the humanCXCR3 (40% identitywith humanCXCR3).

The chicken chemokine receptors CXCR2 (39% identity) and CXCR4

(38% identity) have similar sequence identity to humanCXCR3 and are

clearly separated in terms of phylogenetic distance[100] (Figure 4). For

this reason,weproposed that the chickenCXCR5maybe the candidate

chemokine receptor involved in binding to the Eimeria polyQ P4022-

like peptides/sequences.

Proposed experiments to the polyQ/CXCR-type
receptor and the lamina propria invasion model

To assess the involvement of polyQ/CXCR-type receptors in coccidio-

sis, we propose the following experiments:

1. Pathogenicity studies. Test the presence and pathogenicity of the

polyQ P4022 sequences in the described coccidian parasites and
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F IGURE 4 Phylogenetic relationship of the chemokine receptor
CXCR-type in chicken. The four CXCR (CXCR1, CXCR2, CXCR4, and
CXCR5) from chicken (Gallus gallus) as well as their homologs from
human (Homo sapiens) andmouse (Musmusculus) were included.
Human CXCR3 and chicken CXCR5 receptors are highlighted in blue
and red, respectively. The tree is based on protein sequence alignment
andwas created as described in Figure S1

extend the search to other coccidian parasites in other species (e.g.,

mice). It will be needed to generate mutated versions of the Eimeria

P4022-containingproteins targeting theP4022sequencebygenet-

ically modifying Eimeria using the CRISPR/Cas9 system.[101]

2. RNAseqapproach. An intestinal cell line, or—if no adequate cell line

is available—an animalmodel will be incubatedwith orwithout coc-

cidian parasites, and RNA from the epithelium of both conditions

will be isolated to perform RNA sequencing. This technique will

allowobtaining extended information on the coccidiosis-epithelium

interaction, including information on the receptors involved in this

infection, whether confirmation of CXCR-type receptor or another

receptor. Candidate receptors will be checked by real-time quanti-

tative PCR technique.

3. Mimicking physiological digestion. Investigate if P4022-like pep-

tides from the coccidian P4022-containing proteins can be gener-

ated by in vitro digestion, simulating the cellular conditions (pro-

teases, temperature, pH, ionic strength, etc.), using electrospray

ionizationmass spectrometry coupled to HPLC technique.

4. Binding studies. Using in vitro transfection models with CXCR3 or

CXCR-type receptor transfectants as previously described in[6] will

demonstrate the binding of the peptides obtained from the diges-

tion experiments under item I or the native P4022-like proteins

from human Coccidian to the CXCR3 receptor.

5. CXCR3-(type receptor)−/- KO models and permeability experi-

ments. Use of ex vivo animal models, wild-type and CXCR3−/- (or

CXCR-type receptor) mutants, to test the ability of the different

human coccidian P4022-like peptides to increase zonulin levels

and subsequent intestinal permeability. Subsequently, analyze the

effect on the infection rate and development of Eimeria parasites

depending on CXCR3 expression level.

If this pathway in coccidiosis is confirmed, it would suggest that the

PolyQ/CXCR3 pathway is a host system to recognize microorganisms,

this would strengthen the idea that gliadin is viewed as a microorgan-

ism by the host.[16,17,102] By controlling the CXCR3 expression or tar-

geting its binding to polyQ sequences in the epithelial cells would offer

a preventive or alternative therapeutic approach, beyond the use of

coccidiostats.

A NOVEL PATHOGENIC SCENARIO THAT
CONNECTS CELIAC DISEASE AND COCCIDIOSIS
THROUGH THE POLYQ/CXCR3 AXIS

Celiac disease and the gluten related-disorders

Gluten is responsible for a group of complex immune-mediated

diseases affecting around 1%–7% of the general population, named

gluten-related disorders.[103] Celiac disease, the most well-known

gluten-related disorder, also known as celiac sprue or gluten-sensitive

enteropathy, is a chronic, small-intestinal autoimmune disease

triggered by the ingestion of gluten in genetically predisposed

individuals.[104] Gluten proteins are themajor endosperm storage pro-

teins in grains, like wheat, barley and rye.[104,105] Prolamins of these

cereals like α-gliadins undergo incomplete enzymatic degradation

during in vivo digestion.[10,39] This produces small and large resistant

peptides that contact the gut epithelium and lamina propria.[105]

Among these fragments are the 33-mer (amino acids 57–89 from

α-gliadin), the largest described peptide fragment with immuno-

genic properties,[106] and the 13-mer (amino acids 31–43 from

α-gliadin), a toxic peptide that activates a strong cytotoxic immune

response.[16,107] Once in contact with the small intestine submucosa,

the human enzyme transglutaminase 2 (TG2) deamidates gluten

peptides (e.g., 33-mer) that bind to the Human Leukocyte Antigen

(HLA) molecules on antigen-presenting cells. Gluten peptide-binding

occurs with an exceptionally high affinity to HLA-DQ2 and HLA-DQ8

molecules.[108,109] More than 95% of CeD patients carry the HLA-

DQ2 and/or HLA-DQ8 haplotype. The ongoing disease process gives

rise to a variable degree of intestinal damage in which the mucosa

progresses from intraepithelial and lamina propria villous infiltration

of inflammatory cells (intraepithelial lymphocyte) [5] to villous atrophy,

crypt hyperplasia and flattening.[10] Those intestinal epithelial changes

have been systematically classified by Marsh as stages I through III to

diagnose the disease.[11–13]

Given that the HLA-DQ2 and/or HLA-DQ8 haplotype is common

in the population (ca. 30%) and that CeD occurs in only 1.4% of the

people, it is an essential but not sufficient factor in the pathogenesis

of CeD.[110] Therefore, other factors (immune, genetic and/or environ-

mental) may play a role. Accordingly, it has been long proposed that the

varied mucosal lesions in other enteropathies like tropical enteropa-

thy/tropical sprue, giardiasis, and possibly some food allergies, fall into

the same cell-mediated category.[111] In this regard, the histopatho-

logical and serological characteristics of Giardia lamblia infection,

which range from partial to total villous atrophy (Marsh stages I to

III) in duodenal biopsies, may resemble that of CeD.[112–114] Typical

symptoms of giardiasis like nausea, abdominal pain, and diarrhea
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share some similarities with CeD.[115–117] Although it has not yet

been proved whether Giardia infection may elicit CeD development,

it has been reported that a CeD patient in the active phase reverted

to latent phase upon treatment for giardiasis.[117] Considering that

Vibrio cholerae’s Zot uses the host system for access,[2] it is plausible

that the polyQ proteins from coccidian parasites may induce increased

permeability using the CXCR3/zonulin-pathway, too.

The polyQ sequence is the connection between
human coccidiosis and celiac disease

Taking into account the striking similarities between human coccidio-

sis and CeD (Table 1), and having found at least 100 different polyQ

P4022-containing proteins fromhumanCoccidia, we propose that coc-

cidiosis infection in humansmay be a plausible environmental cofactor

in CeD pathogenesis and probably to other gluten-related disorders

depending on the individual genetic predispose.

As aforementioned, CeD pathogenesis occurs by hereditary sen-

sitivity in response to gliadin. In the active phase of CeD, CXCR3

expression is abundantly high and returns to baseline after implement-

ing a gluten-free diet when the disease is in remission.[6] The rea-

son for apical CXCR3 expression in the intestinal epithelium remains

unknown but it can be a dietary receptor to cope with gluten

or it is an early defense mechanism against microorganisms, like

coccidiosis.

Our hypothesis is that coccidiosis predisposes for CeD, which sup-

ports the theory of an episode of traveler’s diarrhea of intestinal infec-

tion as a trigger of the onset of disease.[23] While a loss of tolerance

to gluten is the cause for CeD, a previous coccidiosis infection can

pave the way to overexpression of CXCR3 and predispose for CeD

in genetically predisposed individuals. In this scenario, the CXCR3 is

originally designed as an early defense mechanism against microor-

ganisms possessing polyQ sequences like coccidian parasites. By using

this pathway, the parasite breaches the intestinal barrier allowing the

parasite, high concentration of gliadin fragments, and other luminal

pathogens and antigens to reach the lamina propria where a strong

immune response, inflammation, and tissue damage occur (Figure 1B).

If gluten is in the diet, these events create an environment of enhanced

sensitivity, priming the innate immune system for gliadin and increas-

ing the risk to develop gluten intolerance in predisposed individuals.

While coccidiosis infection is resolved by coccidiostats treatment, the

upregulation of CXCR3 receptor expression occurs as a host innate

response, which concentration remains high on the intestinal epithe-

lium. The binding of gliadin polyQ sequences present in the diet with

the high luminal expression of CXCR3 continues the zonulin upregu-

lation, increase intestinal permeability, flux of the intestinal milieu in

the lamina propria and the perpetuation of presentation of the immun-

odominant gluten peptides (e.g., 33-mer) to the immune cells in the

lamina propria leading to inflammation, tissue damage and immune

dysfunction in genetically predisposed individuals (Figure 1D).[118] The

coccidiosis episode as an environmental trigger of CeD may work pre-

dominantly in (a subgroupof) patientswhoare diagnosedwithCeDat a

later age. Likewise, this last hypothesismaybe applicable for non-celiac

gluten sensitivity (NCGS), a recently recognized gluten-related disor-

der inwhich CeDdiagnosis—although patients presentwith symptoms

similar to CeD—is ruled out. In these patients, from whom only 50%

carry the HLA-DQ2 and/or HLA-DQ8 haplotypes, a prior coccidiosis

infection could be at the basis of gluten sensitivity without inducing

the auto-immune response characteristic for CeD. Haplotype-positive

NCGS patientsmaywell be in a pre-stage of developing CeD. Addition-

ally, in IBS (irritable bowel syndrome) a subgroup of diarrhea prone,

HLA-DQ2+ IBS patients are found to react to gluten exposure.[119]

Therefore, there is the possibility that Eimeria-induced gluten intoler-

ance occurs in a subgroup of such individuals, too. Importantly, the role

of Eimeria-induced CeD would be a differential environmental trigger

thatwould explain the different presentation betweenCeD in early life

(infants) or in adulthood.

Finally, a small percentage of the CeD patients are not responsive

to a gluten-free diet, suffering froma perpetuation of the auto-immune

activation, and developing refractory CeD. In this case, an underlying

coccidiosis infection might be at the basis of the perpetuation of the

high CXCR3 expression and activation, increased intestinal permeabil-

ity, and immune-related intestinal damage that was initially caused by

gluten.

Therefore, we postulate threemain experiments to investigate such

connection in increasing complexity:

1. CXCR3 expression studies. In vitro stimulation assays with an

intestinal epithelial culture model will show whether coccidian

polyQ sequences can upregulate epithelial CXCR3 expression.

In the same model, assessment of synergistic effects on CXCR3

expression by co-culture of α-gliadin polyQ P4022 sequences and

coccidian polyQ sequences can be applied. A third series of exper-

iments will study the cumulative effects on receptor expression by

pre-incubating the cells with polyQ coccidian sequences followed

by the α-gliadin digest. This set of experimentswill give information

on increased gluten sensitivity due to enhanced epithelial CXCR3

expression induced by coccidian polyQ sequences and on perme-

ability effects.

2. Clinical studyon coccidiosis inCeDandNCGS. A large scale human

cohort study should be performed in which the clinical record of

CeD patients is investigated in terms of biochemical evidence of

past or present coccidian infection to obtain information on the

prevalence of coccidiosis in CeD, refractory CeD and NCGS; (i)

Patients will be molecularly and histologically screened for human

Coccidia. (ii) Patients who screen positive for past or present coc-

cidian infectionwill be offered coccidiostats. (iii) Clinical studieswill

be developed to monitor the treatment’s effect to cure coccidiosis

on (regained) tolerance to gluten.

3. Clinical studies in preventive medicine. Suppose coccidiosis infec-

tion enhances the risk of developing gluten sensitivity or intoler-

ance. In that case, a clinical study will be set up to assess the imple-

mentation of a strict gluten-free diet during episodes of intestinal

diarrheal inflammation and screening for coccidiosis,with aprimary

outcome the prevention of CeD or NCGS.
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Since many diseases are connected with zonulin upregulation or

gluten consumption, if these experiments validated the connection

between coccidiosis andCeDor the other gluten-related disorders, the

role of coccidian parasites as triggers of other diseases where increase

intestinal permeability and immune response is involvedwould need to

be investigated (e.g., autisms, IBS, Crohn’s disease, etc.).

CONCLUSION

Here, we presented the first report of a molecular and structural

connection between coccidiosis, the gliadin polyQ peptide/CXCR-type

receptor, and celiac disease. Based on the BLASTP findings, the use of

structural predictors and an extensive literature search, we hypothe-

size that gliadin polyQ P4022-matching sequences found in coccidian

proteins may facilitate parasite invasion to the lamina propria by bind-

ing to theCXCR-type chemokine receptor. According to thismodel, the

binding of the polyQ sequences from coccidian parasites to the host

intestinal CXCR-type receptor leads to increased intestinal permeabil-

itymediatedby zonulinupregulation, facilitating the further invasionof

pathogens to the lamina propria or entrance of non-endogenous anti-

gens, such as dietary antigens. This process would induce an uncon-

trolled inflammatory host response that resembles that of individuals

suffering from a gluten-related disease and cocciosis. In thismodel, the

CXCR3 is originally designed as an early defense mechanism against

coccidian parasites because their polyQ sequences and unfortunatelly

gliadin use it, leading to increase permeabilty mediated by zonulin

release. The immunue and toxic fragments of gliadin reaching the

lamina propia trigger the immune dysfunction observed in CeD or

other gluten-related disorders that would depend on the individual

suceptibility. The investigation and validation of the proposed gliadin

polyQ/CXCR3 axis in the context of human coccidiosis will define the

measure of involvement of parasite infection in gluten-related disease

and—if confirmed—allow an alternative therapeutic approach to treat

in first place coccidiosis and prevent gluten-related disease or, in the

case of refractory CeD, restore responsiveness to a gluten-free diet.

Thus, deeper comprehension of the molecular mechanisms govern-

ing the parasite invasion would allow the design of effective recom-

binant vaccines for the treatment of coccidiosis in vertebrates and

preventing human coccidiosis outbreaks as a novel strategy for CeD

prevention.
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