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Simple Summary: The potential of the bovine intelectin 2 as a biomarker of Mycobacterium avium
subsp. paratuberculosis infection was investigated using quantitative immunohistochemical analysis
of ileocecal valve samples of animals with increasing degrees of lesion severity (focal, multifocal and
diffuse histological lesions) and control animals without detected lesions. Significant differences were
observed in the mean number of intelectin 2 immunolabelled cells between the three histopathological
types and the control. Specifically, the mean number of intelectin 2 labelled cells was indicative
of disease progression as the focal group had the highest number of intelectin 2 secreting cells
followed by the multifocal, diffuse and control groups indicating that intelectin 2 is a good biomarker
for the different stages of Mycobacterium avium subsp. paratuberculosis infection. Quantification
of bovine intelectin 2 secreting cells could constitute a good post-mortem tool, complementary
to histopathology, to improve detection of Mycobacterium avium subsp. Paratuberculosis infections,
especially latent forms of infection.

Abstract: Paratuberculosis (PTB), a chronic granulomatous enteritis caused by Mycobacterium avium
subsp. paratuberculosis (MAP), is responsible for important economic losses in the dairy indus-
try. Our previous RNA-sequencing (RNA-Seq) analysis showed that bovine intelectin 2 (ITLN2)
precursor gene was overexpressed in ileocecal valve (ICV) samples of animals with focal (log2
fold-change = 10.6) and diffuse (log2 fold-change = 6.8) PTB-associated lesions compared to animals
without lesions. This study analyzes the potential use of ITLN2, a protein that has been described
as fundamental in the innate immune response to infections, as a biomarker of MAP infection. The
presence of ITLN2 was investigated by quantitative immunohistochemical analysis of ICV samples of
20 Holstein Friesian cows showing focal (n = 5), multifocal (n = 5), diffuse (n = 5) and no histological
lesions (n = 5). Significant differences were observed in the mean number of ITLN2 immunostained
goblet and Paneth cells between the three histopathological types and the control. The number of
immunolabelled cells was higher in the focal histopathological type (116.9 ± 113.9) followed by the
multifocal (108.7 ± 140.5), diffuse (76.5 ± 97.8) and control types (41.0 ± 81.3). These results validate
ITLN2 as a post-mortem biomarker of disease progression.

Keywords: intelectin 2; biomarker; immunohistochemistry; ileocecal valve; Mycobacterium avium
subsp. paratuberculosis; paratuberculosis
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1. Introduction

Bovine paratuberculosis (PTB) or Johne’s disease, is a chronic granulomatous enteritis
of ruminants responsible for important economic losses in dairy herds worldwide due
to reduced milk production, premature culling and reduced slaughter value [1,2]. PTB is
caused by Mycobacterium avium subsp. paratuberculosis (MAP), a mycobacteria with zoonotic
potential since it has been postulated as a possible trigger factor in several autoimmune
diseases in humans such as Crohn’s disease [3,4], rheumatoid arthritis [5,6], multiple
sclerosis [7,8] or type I diabetes [9].

Two forms of infection, latent and patent, can be defined in MAP infected cattle. The
disease is typically present as a subclinical highly prevalent latent form of MAP infection
defined by focal granulomatous lesions in the intestine and associated lymph nodes, low
bacterial load and a predominant cell-mediated immune response. The patent form of the
disease, less frequent, it is characterized by the manifestation of clinical signs, multifocal
and diffuse histological lesions, a higher mycobacterial load and a predominant humoral
immune response with high levels of anti-MAP antibodies detected [10]. PTB control
programs are currently based on testing and culling test-positive cows combined with
good management practices including appropriate hygienic-sanitary strategies [11–13].
These control programs are strongly conditioned by the low sensitivities and specificities
for the detection of latent forms of infection because bacteria are excreted in low numbers
and animals have low titers of specific antibodies [14–18]. Consequently, novel diagnostic
tools with high sensitivity and specificity are needed to improve the diagnostic and control
of the disease. Emerging -omic technologies have been used for the identification of
host biomarkers [19–30] that could help to understand the factors that determine disease
progression from the latent to the patent form of infection and could be used in biomarker-
based diagnostic methods for PTB. However, most of these biomarkers have not yet been
applied and validated for PTB diagnosis in naturally infected cattle.

Using RNA-Seq analysis of peripheral blood and ileocecal valve (ICV) samples, col-
lected from animals with focal or diffuse lesions in their intestinal tissues and control
animals without detected lesions, our research group identified several biomarkers with
the potential for implementation as diagnostic tools to reliably detect MAP-infection [31].
The diagnostic potential of commercial ELISAs based on the detection of five of those blood
candidate biomarkers to detect latent and patent forms of the disease in naturally infected
cows was evaluated. It was shown that serum quantification of ATP binding cassette
subfamily A member 13 (ABCA13), secreted acidic and cysteine rich protein (SPARC) and
matrix metallopeptidase 8 (MMP8) by ELISA has the potential to be used as a diagnostic
tool for PTB, greatly improving early detection of MAP latent infections, which are cur-
rently escaping detection with conventional diagnostic methods [32]. In the ICV samples,
the gene encoding for bovine protein intelectin 2 precursor (ITLN2) showed significantly
higher levels of expression in ICV samples of cows with focal and diffuse histological
lesions than in control cows with no lesions. Specifically, the ITLN2 precursor was the most
upregulated gene in the ICV samples of cows with focal or diffuse lesions in comparison to
the control type, with a log2 fold-change of 10.6 and 6.8, respectively [31].

Intelectins are calcium-dependent galactose binding proteins that have a variety of
possible functions including alteration of mucus viscosity by binding mucine-like glyco-
proteins [33], protective antibacterial role via recognition of galactofuranose-containing
components in bacterial cell walls leading to cell lysis [34,35] and phagocyte activation [36].
mRNA expression of intelectins increases in response to infections [37–41] and asthma [42],
which suggests that intelectins play an important role in innate immune response to
pathogens [34,37,43–47].

Intelectin family members have been identified in many species including cephalochor-
dates, fish, amphibians and mammals [36,39,43,46–53]. Expression patterns of intelectin
family members vary among species. For example, human intelectin 1 (hITLN1) is ex-
pressed in the heart, small intestine, colon, kidney collecting tubule cells and bladder
umbrella cells, some mesothelial and follicular cells [43,54,55] whereas human intelectin
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2 (hITLN2) is only found in small intestine. In mouse, intelectin 1 (mITLN1) is largely
restricted to intestine; while mouse intelectin 2 (mITLN2) is detectable only in ileum [37].
In intestinal epithelium, intelectins are expressed by Paneth [48] and goblet cells [37], and
have also been found within the epithelial brush border [56].

Specifically, ITLN2 (also known as intestinal lactoferrin receptor) is a Ca2β-dependent
and D-galactosyl-specific lectin that is involved in host-pathogen interactions [54], iron
metabolism [46] and allergic inflammation [57]. It is produced mainly in the Paneth and
goblet cells [37,58]. In a previous study in mice infected with Trichinella spiralis [59], ITLN2
was markedly up-regulated in response to infection being one of the most abundantly ex-
pressed proteins in jejunal infected epithelium that suggested that it may play an important
role in the innate immune response to parasite infection.

In a previous study, we investigated the localization of ITLN2 in ICV of animals with
different types of PTB-associated histological types in their gut tissues by immunohisto-
chemistry using a specific anti-ITLN2 antibody [31]. Intensive ITLN2 labelling of goblet
and Paneth cells was observed in the ICV of infected animals compared to non-infected
control samples [31]. However, the number of animals that were analyzed was very small
and we did not quantify the number of specifically labelled cells.

The aim of the present study was to validate our previous RNASeq results investigat-
ing the potential of ITLN2 as a post-mortem biomarker of disease progression. A total of 20
Holstein Friesian cows, with known infection status, were classified by histopathological
analysis as focal (n = 5), multifocal (n = 5), diffuse (n = 5) and with no histological lesions
detected (n = 5). ITLN2 expression was evaluated by quantitative immunohistochemi-
cal analysis of ICV samples of naturally infected animals with latent (focal lesions) and
patent (multifocal and diffuse lesions) MAP infections and non-infected control animals.
Histopathological analysis represents the best post-mortem diagnosis method to confirm
PTB and describe the form of infection present in the animal. Quantification of bovine
ITLN2 secreting cells by immunohistochemical analysis of ileocecal valve sections could
constitute a good post-mortem tool, complementary to histopathology, to improve detec-
tion of MAP infections. In particular, detection of latent infections in animals with focal
lesions, which may be sometimes difficult to detect when the animal has low numbers or
sparsely distributed granulomas, yet these animals would show numerous ITLN2 labelled
cells.

2. Materials and Methods
2.1. Ethical Statement

Experimental procedures were approved by the SERIDA Animal Ethics Committee
and authorised by the Regional Consejería de Agroganadería y Recursos Autóctonos del
Principado de Asturias, Spain (authorization codes PROAE 29/2015 and PROAE 66/2019).
All the procedures were carried out in accordance with Directive 2012/63/EU of the
European Parliament.

2.2. Animals and Samples

Samples of blood, feces and tissues, collected from 20 Holstein Friesian cows (ranging
from 0.81 to 10.39 years of age) coming from three farms located in the Principality of
Asturias (Northwest of Spain), were used in this study. Blood and feces samples were
taken at the farms while tissue samples (distal jejunum, ICV, and ileocecal and jejunal
lymph nodes) were taken from the slaughtered animals in situ at the local abattoir after
evisceration. Some of these 20 animals were included in a previous study [32].

2.3. Serological, Bacteriological and Molecular Characterization of the Animals

The PTB infection status of the 20 animals (range from 0.81 to 10.39 years) used in this
study at the time of slaughter was determined by histopathology, specific antibody serum
ELISA test (IDEXX, Montpellier, France), and bacteriological culture and specific real-time
polymerase chain reaction (PCR) of tissues and feces following the procedures previously
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described [32] (Table 1). Animals were classified in four groups of five individuals by
histological analysis: focal, multifocal, diffuse and control group without lesions detected.
All control animals were negative for all the diagnostic tests. The rest of the animals
considered as infected were positive at least by one of the diagnostic methods used. No
gross or histologic lesions compatible with other inflammatory processes were identify
during post-mortem inspection.

Table 1. MAP infection status of the 20 Holstein Frisian cows used in this study.

Animal
ID

Age
(years)

Diagnostic Method

Clinical
Signs Histological

Classification
ZN Infection

Status
IDEXX
ELISA

Real Time PCR MAP Isolation

Feces Tissues Feces Tissues

4 3.26 ND No lesions - Non
infected NEG NEG NEG NEG NEG

13 0.81 ND No lesions - Non
infected NEG NEG NEG NEG NEG

80 2.86 NO No lesions - Non
infected NEG NEG NEG NEG NEG

94 2.70 NO No lesions - Non
infected NEG NEG NEG NEG NEG

113 1.27 NO No lesions - Non
infected NEG NEG NEG NEG NEG

8 4.71 NO Focal + Infected NEG NEG POS NEG POS
28 8.39 NO Focal - Infected NEG POS POS NEG POS
31 5.33 NO Focal - Infected NEG NEG POS NEG NEG
44 5.45 NO Focal - Infected NEG NEG NEG NEG POS
52 6.59 NO Focal - Infected POS POS POS NEG POS

11 7.31 NO Multifocal + Infected NEG NEG NEG NEG POS
46 2.75 YES Multifocal + Infected NEG NEG NEG NEG NEG
64 3.62 NO Multifocal + Infected POS POS POS POS POS
97 2.96 YES Multifocal ++ Infected POS POS POS NEG POS
110 4.03 NO Multifocal - Infected NEG NEG POS NEG POS

26 5.46 NO D. intermediate + Infected POS POS POS NEG POS
30 4.14 YES D.intermediate + Infected NEG NEG NEG NEG NEG
68 6.01 YES D. intermediate ++ Infected POS POS POS POS POS
88 2.92 YES D. histiocytic +++ Infected POS POS POS NEG POS
103 10.39 YES D. histiocytic + Infected POS POS POS NEG POS

ID, identification number of each cow; ND: no determined; NO: absence of clinical signs associated to paratuberculosis; YES: presence of at
least one of the clinical signs of the disease (mainly diarrhea, progressive weight loss and decreased milk production); NEG: negative; POS:
positive; ZN, Ziehl-Neelsen stain; -: no acid-fast bacilli (AFB), +: low number of AFB; ++: moderate number of AFB; +++: high number
of AFB; IDEXX ELISA, ELISA to determine the presence of anti-MAP antibodies; D., Diffuse. Animals with focal histological lesions are
considered to have a latent infection while animals with multifocal and diffuse lesions (diffuse intermediate and diffuse histiocytic or
multibacillary) are considered to have patent infections.

2.4. Histopathological Classification of Animals

For histological processing, tissue samples (distal jejunum, ICV, and ileal and jejunal
lymph nodes for each cow) were fixed in 10% neutral buffered formalin, sliced and embed-
ded in paraffin wax using standard procedures. Afterwards, 4 µm sections were stained
by the haematoxylin-eosin (HE) and Ziehl-Neelsen (ZN) methods for lesion assessment
and specific acid-fast bacteria (AFB) detection. The stained sections were observed with an
Olympus BH-2 light microscope (Olympus, Tokyo, Japan) and lesions were classified in
four types: focal, multifocal, diffuse and without lesions according to González et al. [60].
Briefly, the focal lesions consist of one or two isolated granulomas, mainly located in the
jejunal and ileal lymph nodes, but also in the follicular area of the ICV and not affecting
the intestinal lamina propria. The multifocal lesions consist of numerous well-demarcated
granulomas in the intestinal lymphoid tissue and also in the intestinal lamina propria.
The diffuse lesions were characterized by severe and diffuse granulomatous enteritis and
lymphadenitis that markedly altered the normal histological structure. According to the
inflammatory cell type present in the infiltrate and the number of acid-fast bacilli (AFB),
diffuse lesions were subdivided into diffuse lymphoplasmocytic or paucibacillary, diffuse
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intermediate and diffuse histiocytic or multibacillary lesions [61]. The different types
correspond to the previously described latent (focal), patent (multifocal and diffuse) and
apparently free (no lesions) forms of infection [62].

2.5. Immunohistochemistry (IHC) and Image Analysis

In order to validate ITLN2 as a biomarker of MAP infection, the number of cells
expressing ITLN2 within the ICV of each animal was estimated by immunohistochemistry
using a rabbit anti-ITLN2 polyclonal antibody. Briefly, formalin fixed paraffin embedded
ICV samples were cut into 3-µm sections, mounted onto poly-L-lysine coated slides,
dewaxed, rehydrated and rinsed with tap water at room temperature. Afterwards, epitope
demasking was performed microwaving the slides in citric acid buffer pH 6.0 at maximum
power for 5 min (four cycles, keeping the samples covered with buffer at all times) and
ending with a 10 min incubation at room temperature (1.48 g citric acid (Merck KGaA,
Darmstadt, Germany) in 500 mL distilled water). The sections were then washed with
tap water. Then, slides were placed in a solution of methanol (VWR, Monroeville, PA,
USA) with 3% hydrogen peroxide (Sigma-Aldrich, St. Louis, MO, USA) for 10 min at
room temperature to block endogenous peroxidase activity and washed with tap water.
Afterwards, the samples were treated to prevent primary antibody cross-reactivity with
tissue constituents over a 20-min incubation period at room temperature, with 10% normal
goat serum (Vector Laboratories) and 3% bovine serum albumin (BSA, Sigma-Aldrich, St.
Louis, MO, USA). Then, sections were incubated overnight at 4 ◦C with a commercial
rabbit polyclonal antibody anti-ITLN2 (Aviva Systems Biology, San Diego, CA, USA) at
a 1/700 dilution. The immunogen used to produce this antibody is a synthetic peptide
directed towards the middle region of human ITLN2, which has 100% amino acid sequence
homology with bovine ITLN2. The predicted reactivity is 100%. Afterwards, samples
were washed three times with Tris buffered saline 1× [TBS 1×, 5 mM Tris (Merck KGaA,
Darmstadt, Germany)/HCl (Panreac Química, SLU, Barcelona, Spain) pH 7.6, 136 mM NaCl
(Merck KGaA, Darstadt, Germany)] and then incubated for 30 min at room temperature
with the anti-rabbit biotinilated secondary antibody produced in goat (Vector Laboratories,
Burlingame, CA, USA) at 1/200 dilution. After that, samples were washed three times
again with TBS 1× and incubated for 30 min at room temperature with Avidin-Biotin
Complex (ABC kit Peroxidase Standard, Vector Laboratories). Finally, the sections were
washed three times with TBS 1× and the signal was detected using DAB substrate [Citrate
buffer, 0.2 M disodium hydrogen orthophosphate anhydro (Merck KGaA, Darmstadt,
Germany)/0.1 M citric acid (Merck KGaA, Darmstadt, Germany) pH 6.4/a tablet of 10 mg
3,3′-Diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich, St. Louis, MO, USA)/3%
hydrogen peroxide (Sigma-Aldrich, St. Louis, MO, USA)] for 2 min. Samples were rinsed
with tap water or for 5 min, before being placed in Mayer’s hematoxylin (MerckKGaA,
Darmstadt, Germany) counterstain for 30 s. Finally, the slices were washed with tap water
and mounted with DPX (MerckKGaA, Darmstadt, Germany). Negative controls (slides of
the studied cows with omission of the primary antibody) were included.

Immunolabelled sections were observed with an Olympus BH-2 light microscope
(Olympus, Tokyo, Japan) and photographed using an Olympus DP-12 digital camera
(Olympus, Tokyo, Japan). Ten fields evenly distributed throughout all the mucosa section
were examined at 400× magnification for each animal so that a total of 50 fields were
examined for each histopathological type. The number of positive immunolabelled cells
were manually counted in each selected field.

2.6. Statistical Analysis

Stained cell counts were submitted to the general linear model (GLM) procedure of the
SAS statistical package (SAS Inc., Cary, NC, USA) to determine the statistical significance of
differences in the mean number of labelled cells between the histopathological types. The
multiple comparison adjusted Tukey’s test was applied to determine if there were statisti-
cally significant differences between geometric means. Statistical significance was accepted
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at p < 0.05. Data obtained from ITLN2 secreting cells quantification was analyzed using the
Receiver operating characteristic (ROC) module of the MedCalc statistical software package
version 19.6.4 (MedCalc software Ltd., Ostend, BE, https://www.medcalc.org; accessed on
31 March 2021), with confidence intervals stated at 95%. ROC curve analysis was used to
determine the AUC (area under the curve), optimal cut off value, sensitivity and specificity
of the method in order to make an approximation to its potential diagnostic value.

3. Results
3.1. Quantitative Immunohistochemical Evaluation of ITLN2 Secreting Cells within the Different
PTB Histopathological Types

ITLN2 expression in ICV samples was investigated by quantitative immunohisto-
chemistry to validate RNASeq results [31] and to evaluate its potential as a biomarker of
disease progression.

ITLN2 expression was validated on the entire range of lesions produced by MAP
infection. As expected, ITLN2 was located exclusively in the cytoplasm of goblet and
Paneth cells of the crypts of Lieberkühn (Figure 1). No specifically ITLN2 labelled cells
were observed in the negative controls where IHC analysis of the ICV tissue sections was
carried out with omission of the primary antibody.
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Figure 1. Immnohistochemical (IHC) analysis of ITLN2 in the ileocecal valve (ICV) of Mycobacterium
avium subsp. paratuberculosis-infected and non-infected cows. Localization of ITLN2 biomarker was
investigated by immunohistochemical analysis of ICV sections using a rabbit polyclonal anti-ITLN2
antibody. Representative IHC images of: (a) Control cow with no detected lesions; (b–d) cows with
focal, multifocal and diffuse types of lesions in their gut tissues, respectively, are shown. The arrows
indicate sites of specific antibody binding in the goblet and Paneth cells of the crypts of Lieberkühn.
Note that in all cases, the staining (brown color) occurs at the bottom of the crypts of Lieberkühn, so it
is only seen in the most circular sections, which are those that correspond to the deepest invagination.
Bars represent 50 microns.

The mean number of immunostained cells was estimated per each individual cow
(ten fields) and for each of the four established histopathological types (Table 2). The group
of animals with focal lesions showed the highest mean number of ITLN2 immunostained
cells per cow (116.9 ± 16.1), followed by the groups with multifocal (108.7 ± 19.9) and
diffuse lesions (76.50 ± 13.8). The control group showed the lowest mean number of
ITLN2 immunostained cells (41.0 ± 7.1). No significant differences were found between
the geometric mean value of the ITLN2-labelled cells of the focal and multifocal lesion
types (p = 0.9787), however, significant differences were found between the focal and the

https://www.medcalc.org
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multifocal types with respect to the diffuse type (p = 0.0231 and p = 0.02481, respectively)
and the control group (p < 0.0001 in both cases). Likewise, significant differences in the
number of labelled cells were found between cows with diffuse lesions and the control
cows (p = 0.0007) (Figure 2).

Table 2. Quantification of ITLN2-labelled cells present in the ICV samples of control animals with no
lesions or animals with focal, multifocal and diffuse histological lesions.

Animal ID Histopathological
Classification Infection Status

Mean Number Mean Value
per Cow * per Type **

4 No lesions Non-infected 0.1 ± 0.0
13 No lesions Non-infected 184.5 ± 82.9
80 No lesions Non-infected 2.2 ± 4.7 41.0 ± 7.1
94 No lesions Non-infected 16.7 ± 17.9

113 No lesions Non-infected 1.7 ± 4.4

8 Focal Infected 80.7 ± 89.6
28 Focal Infected 174.9 ± 116.4
31 Focal Infected 146.6 ± 71.5 116.9 ± 16.1
44 Focal Infected 30.3 ± 67.8
52 Focal Infected 152.1 ± 153.4

11 Multifocal Infected 253.3 ± 210.8
46 Multifocal Infected 28.5 ± 38.9
64 Multifocal Infected 154.3 ± 122.3 108.7 ± 19.9
97 Multifocal Infected 37.8 ± 45.5

110 Multifocal Infected 69.4 ± 67.1

26 Diffuse
intermediate Infected 34.6 ± 40.3

30 Diffuse
intermediate Infected 15.8 ± 26.7

68 Diffuse
intermediate Infected 46.0 ± 66.0 76.50 ± 13.8

88 Diffuse histiocytic Infected 90.6 ± 107.5
103 Diffuse histiocytic Infected 195.7 ± 103.5

ID, identification number of each cow; * The number indicates the mean number of ITLN2-labelled cells in the
10 fields counted per cow; ** The number represents the mean value ± standard error of the mean per lesion type
(5 × 10 fields were counted per lesion type). The sample unit used in this analysis is the field.
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represented by the geometric mean of the number of ITLN2-stained cells per cow for each lesion type
(focal, multifocal and diffuse) and the control with no lesions detected.

3.2. ROC Analysis

The diagnostic accuracy of the ITLN2 immunohistochemistry to discriminate between
the different histopathological types and the control was estimated by ROC analysis
(Table 3) as a preliminary assessment of its diagnostic potential. The best diagnostic
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performance was obtained for the multifocal type versus the control with an AUC value
of 0.840 (95% confidence interval [CI]: 0.486–0.987), a sensitivity of 100% and a specificity
of 80%. On the whole, the discriminatory power of the method between the different
histopathological types and the control was good in all cases with AUC values in the
range 0.8 ≤ AUC < 0.9, sensitivities between 90–100% and specificities between 60–80%.
Specifically, the sensitivity and specificity of the method to detect cows with latent infections
(focal lesions) were 100% and 80%, respectively, while to detect animals with patent
infections (multifocal and diffuse types) the sensitivity was 90% and the specificity 80%.
For overall detection of cows with any type of lesions the method has a sensitivity of
93.33% and a specificity of 80%. The best diagnostic value was obtained for detection of
animals with focal and multifocal lesions (0.90 in both cases) and the worst for animals
with diffuse lesions (0.80). The method had a good discriminatory power (0.8 ≤ AUC <
0.9) between the different histological types and the control group. These results showed
that ITLN2 immunohistochemical quantification was a post-mortem tool, complementary
to the histopathology, that could properly identify all forms of MAP infection.

Table 3. Diagnostic performance of bovine intelectin 2 immunohistochemical quantification for
diagnosis of cattle with different types of PTB-associated histological lesions in their gut tissues.

ROC Analysis AUC p Value CUT OFF SE (%) SP (%) DV

Focal vs. Control 0.800 0.134 >167 100.00 80.00 0.90
Multifocal vs. Control 0.840 0.039 >167 100.00 80.00 0.90

Diffuse vs. Control 0.800 0.073 >22 100.00 60.00 0.80
Patent vs. Control 0.820 0.046 >167 90.00 80.00 0.85

Lesions vs. Control 0.813 0.069 >167 93.33 80.00 0.86
ROC, receiver operating characteristic, ROC analysis was used to determine the diagnostic performance of the
method; AUC, area under the curve; p-value, it is the p-value of the AUC area, indicates whether the discrimination
between animals with focal, multifocal, diffuse or any type of lesions and controls is significant; The cut-off point
is expressed as the total number of ITLN2 positive cells per cow; SE, sensitivity; SP, specificity; DV, diagnostic
value (semi-sum of the sensitivity and specificity); VS., versus. C, control type consisting of five animals with no
lesions detected; The number of animals analyzed in the focal, multifocal and diffuse types were also five (n = 5 per
group). The patent type includes the five animals with multifocal lesions and the five animals with diffuse lesions
(n = 10). The discriminatory power of each biomarker to discern between the different histopathological types
and the control type was classified as follows: AUC values ≥ 0.9 were considered to have excellent discriminatory
power; 0.8 ≤ AUC < 0.9 good discriminatory power; 0.7 ≤ AUC < 0.8 fair discriminatory power; and AUC < 0.7,
poor discriminatory [63,64].

4. Discussion

In this study, we investigated for the first time the potential of ITLN2 as a bovine
biomarker of MAP infection. Immunohistochemical analysis of ICV sections showed that
ITLN2 was located in the goblet and Paneth cells of the crypts of Lieberkühn, indicating
that both types of cells were actively secreting ITLN2 (Figure 1). In spite of the small sample
size used in this study (n = 5 for each histopathological type) significant differences in the
geometric mean number of ITLN2 immunolabelled cells were found between the different
histopathological types and the control group with no lesions detected beyond the standard
p < 0.05 (focal vs. diffuse p = 0.0231; focal vs. control p < 0.0001; multifocal vs. diffuse
p = 0.02481; multifocal vs. control p < 0.0001; diffuse vs. control p = 0.0007) indicating
that ITLN2 is a good biomarker for the different stages of MAP infection. The level of
secretion of ITLN2 was different for the different pathological types of PTB suggesting that
ITLN2 plays an important role in the pathogenesis of the disease. Specifically, animals
with focal lesions showed the highest mean number of immunostained cells secreting
ITLN2 protein followed by animals with multifocal and diffuse lesions. These findings
validate our previous RNA-Seq results which showed that bovine ITLN2 precursor gene
was overexpressed in ICV of animals with focal (log2 fold-change = 10.6) and diffuse (log2
fold-change = 6.8) PTB-associated histological lesions compared to control animals without
lesions [31]. Moreover, these results indicate that the amount of ITLN2 secreted by Paneth
and goblet cells decreases as the disease progresses and the number of bacteria and the
severity of clinical signs increase. It is known that Paneth cells help to maintain the balance
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of the gut microbiota by secreting anti-microbial peptides, cytokines and other trophic
factors [65]. This intelectin could help to control the infection in its initial stages through
the activation of the innate immune response, helping macrophages, one of the most
abundant cells in focal lesions, to eliminate microorganisms. This function has already been
suggested in previous studies for intelectin 1 (ITLN1) [37], a host defense lectin that assists
in the phagocytosis of microorganisms [66], whose amino acid sequence has an identity of
91% with ITLN2 [67]. Furthermore, it is already known that ITLN2 plays a fundamental
role in the innate immune response in infections, since it is overexpressed in mice infected
with Trichinella spiralis and Trichuris muris [37,38], comparing in both cases with susceptible
mice, or in zebrafish infected with Staphyllococcus aureus [68]. Studies carried out by Chen
et al. [68] showed that the highest level of ITLN2 expression was found 10 h after bacterial
infection. This increased expression of ITLN2 at early stages of infection has been observed
in various species, including channel catfish, amphioxus and mouse [37,45,46,50]. In
agreement with these findings, our RNA-Seq and immunohistochemical analysis of ICV
samples showed that ITLN2 is highly overexpressed in MAP-infected animals with focal
histological lesions (Table 1), which suggests that ITLN2 production is related to PTB forms
of infection with no clinical signs, a predominant cell-mediated immune response and low
bacterial load, supporting the above mentioned protective antibacterial role of ITLN2 in
MAP latent infections of cows.

Although the multifocal and diffuse histopathological types also showed significant
differences in the mean number of ITLN2 immunolabelled cells per cow with respect to the
control type, the estimated means were lower (108.7 ± 19.9 and 76.50 ± 13.8, respectively).
Thus, the multifocal type could be considered as an “intermediate” between the focal
and diffuse lesion types since: (1) the number of ITLN2 secreting cells are lower than in
the focal but higher than in the diffuse type (Table 3); (2) the amount of mycobacteria is
greater but without reaching the levels of the diffuse type (Table 1) and (3) the clinical signs
are already beginning to manifest in practically all cases and the cellular-type immune
response continues to predominate over the humoral one (Table 1). In agreement with this,
animals with diffuse lesions had lower numbers of ITLN2 immunolabelled cells (Table 2),
higher bacterial loads and a predominant humoral immune response (Table 1).

As we mentioned above, an increase in ITLN2 secretion has also been observed in
other pathologies indicating that this increase is not PTB specific suggesting that quantita-
tive ITLN2 immunohistochemical analysis should be used in combination with standard
morphologic evaluation for post mortem diagnosis of PTB.

Recent studies described the identification of four differentially expressed proteins
(cathelicidin, haptoglobin, S100A8 and S100A9) by shotgun proteomics analysis of ileal
tissues of sheep and their evaluation as potential biomarkers of the PTB paucibacillary
histological type by immunohistochemistry [69]. MAP-free sheep tissues were negative
to cathelicidin and haptoglobin and sparsely positive to S100A8 and S100A9 while PTB
tissues were positive to all four proteins. The differential proteomic analysis combined
with immunohistochemical validation highlighted several changes occurring in PTB tissues
and provided novel molecular information on the distinct levels of tissue involvement
that can be found within the asymptomatic, paucibacillary condition. Other studies have
investigated the levels of inflammatory acute-phase proteins (haptoglobin and serum
amyloid A) developed during the course of MAP infection in serum as potential serum
markers for the identification of sub-clinically infected cows bearing pathological forms
related to latency or resistance to the development of advanced clinical stages [70]. These
authors observed a significant increase of the level of these proteins in infected animals,
especially with lesions characterized by a low bacterial load and with predominance of a
cell-mediated immune response.

Preliminary assessment of the diagnostic potential of the ITLN2 immunohistochemical
quantification by ROC analysis confirmed its ability to discriminate between the different
histopathological types and the control group. The diagnostic value of the quantitative
ITLN2 immunohistochemical detection was very good in all cases (Table 3). Sensitivities
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for the detection of the different lesion types ranged from 90 to 100% indicating that ITLN2
immunohistochemistry can properly identify all forms of paratuberculosis. Specificity
ranged from 60% for the detection of animals with diffuse lesions to 80% for the detection
of animals with focal, multifocal and any type of lesions. This is mainly due to the fact
that one of the control animals (ID13, Table 2) secreted high levels of ITLN2. Although
this result might suggest that the method has some degree of non-specificity, it is possible
that cow ID13 could represent a focal animal whose granuloma was not present in the area
examined and therefore classification would require confirmation by examination of more
tissue sections. It is worth mentioning that there is some degree of variability in the mean
numbers of labelled cells obtained within each specific histopathological group, this might
be due to the fact that the infectious status of each animal is different even within the same
lesion type (Table 1). Our results validate the potential of ITLN2 as a biomarker for the
different stages of MAP infection. Detection of bovine ITLN2 by immunohistochemical
analysis of ICV tissue sections could constitute a good post-mortem tool, complementary to
histopathology, which could improve detection of MAP infections. This is very important
in the case of animals with latent infections, which may go unnoticed by conventional
diagnostic tests, and for which, with our proposed method, the best diagnostic value was
obtained (0.90). Detection of the presence of animals with latent infections on the farm is
of great importance to establish an adequate management protocol and hygienic sanitary
measures in order to reduce the incidence of PTB and for eradication campaigns.

5. Conclusions

This work provides the first characterization of ITLN2 expression in MAP-infected
cows with different degrees of lesional severity in comparison to MAP-free animals. We
proposed ITLN2 immunohistochemical analysis as a method to complement the con-
ventional post-mortem histological methods used to diagnose PTB. Quantitative ITLN2
immunohistochemistry is able to detect animals with different degrees of lesion severity.
We have found a significantly higher number of ITLN2 immunostained cells in animals
with focal lesions, which is the predominant histological form in the initial stages of the
disease, characterized by the absence of clinical signs, low bacterial load and a predomi-
nant cell-mediated immune response indicating that ITLN2 plays an important role in the
progression and pathogenesis of the disease. These results validated ITLN2 as a biomarker
of MAP infection, which is very important in the case of animals presenting latent forms of
infection which tend to go unnoticed and therefore constitute a serious problem as these
animals could spread MAP to the rest of the herd. Further studies in a larger and more
heterogeneous sample are needed to confirm these conclusions.

Author Contributions: Conceptualization, M.A.-H. and R.C.; data curation, R.A.J.; formal analysis,
C.B.V., R.A.J. and R.C.; investigation, C.B.V. and R.C.; methodology, C.B.V., A.B., N.I. and M.C.;
resources, M.A.-H. and R.C.; supervision, R.C.; validation, C.B.V. and A.B.; writing—original draft,
C.B.V.; writing—review and editing, C.B.V., A.B., M.A.-H., R.A.J., N.I., M.C. and R.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This work has been funded by the National Institute for Agricultural Research (INIA RTA-
2014-00009-C02), the Ministerio de Ciencia, Innovación y Universidades (MCIU) and the Agencia
Estatal de Investigación (AEI) reference project RTI2018-094192-R-C22 (FEDER co-funded). Cristina
Blanco Vázquez and Maria Canive were supported by a grant from Instituto Nacional de Investi-
gación y Tecnología Agraria y Alimentaria (INIA, Spain).

Institutional Review Board Statement: Experimental procedures were approved by the SERIDA
Animal Ethics Committee and authorised by the Regional Consejería de Agroganadería y Recursos
Autóctonos del Principado de Asturias–Spain (authorization codes PROAE 29/2015 and PROAE
66/2019).

Data Availability Statement: Not applicable.



Animals 2021, 11, 1370 11 of 13

Acknowledgments: We would like to acknowledge the Laboratory of Animal Health of Asturias,
our collaborating farms and the ASTEGA Veterinary Services for their collaboration in the sampling
and analysis work. We gratefully acknowledge Kevin P. Dalton for the proofreading the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Benedictus, G.; Dijkhuizen, A.A.; Stelwagen, J. Economic losses due to paratuberculosis in dairy cattle. Vet. Rec. 1987, 121,

142–146. [CrossRef]
2. Kudahl, A.B.; Nielsen, S.S.; Sørensen, J.T. Relationship between antibodies against Mycobacterium avium subsp. paratuberculosis in

milk and shape of lactation curves. Pre. Vet. Med. 2004, 62, 119–134. [CrossRef]
3. Feller, M.; Huwiler, K.; Stephan, R.; Altpeter, E.; Shang, A.; Furrer, H.; Pfyffer, G.E.; Jemmi, T.; Baumgartner, A.; Egger, M.

Mycobacterium avium subspecies paratuberculosis and Crohn’s disease: A systematic review and meta-analysis. Lancet Infect. Dis.
2007, 7, 607–613. [CrossRef]

4. Kuenstner, J.T.; Naser, S.; Chamberlin, W.; Borody, T.; Graham, D.Y.; McNees, A.; Hermon-Taylor, J.; Hermon-Taylor, A.; Dow,
C.T.; Thayer, W.; et al. The consensus from the Mycobacterium avium ssp. paratuberculosis (MAP) Conference 2017. Front Public
Health 2017, 5, 208. [CrossRef] [PubMed]

5. Bo, M.; Erre, G.L.; Niegowska, M.; Piras, M.; Taras, L.; Longu, M.G.; Passiu, G.; Sechi, L.A. Interferon regulatory factor is a
potential target of autoimmune response triggered by Epstein-Barr virus and Mycobacterium avium subsp. paratuberculosis in
rheumatoid arthritis: Investigating a mechanism of molecular mimicry. Clin. Exp. Rheumatol. 2018, 36, 376–381.

6. Bo, M.; Niegowska, M.; Erre, G.L.; Piras, M.; Longu, M.G.; Manchia, P.; Manca, M.; Passiu, G.; Sechi, L.A. Rheumatoid arthritis
patient antibodies highly recognize IL-2 in the immune response pathway involving IRF5 and EBV antigens. Sci. Rep. 2018, 8,
1789. [CrossRef] [PubMed]

7. Yokoyama, K.; Cossu, D.; Hoshino, Y.; Tomizawa, Y.; Momotani, E.; Hattori, N. Anti-mycobacterial antibodies in paired
cerebrospinal fluid and serum samples from Japanese patients with multiple sclerosis or neuromyelitis optica spectrum disorder.
J. Clin. Med. 2018, 7, 522. [CrossRef] [PubMed]

8. Mameli, G.; Cocco, E.; Frau, J.; Marrosu, M.G.; Sechi, L.A. Epstein-Barr virus and Mycobacterium avium subsp. paratuberculosis
peptides are recognized in sera and cerebrospinal fluid of MS patients. Sci. Rep. 2016, 6, 22401. [CrossRef]

9. Niegowska, M.; Rapini, N.; Piccini, S.; Mameli, G.; Caggiu, E.; Manca Bitti, M.L.; Sechi, L.A. Type 1 diabetes at-risk children
highly recognize Mycobacterium avium subspecies paratuberculosis epitopes homologous to human Znt8 and proinsulin. Sci. Rep.
2016, 6, 22266. [CrossRef] [PubMed]

10. Bastida, F.; Juste, R.A. Paratuberculosis control: A review with a focus on vaccination. J. Immune Based Ther. Vaccines 2011, 9, 8.
[CrossRef] [PubMed]

11. Groenendaal, H.; Nielen, M.; Jalvingh, A.W.; Horst, S.H.; Galligan, D.T.; Hesselink, J.W. A simulation of Johne’s disease control.
Prev. Vet. Med. 2002, 54, 225–245. [CrossRef]

12. Garry, F. Control of paratuberculosis in dairy herds. Vet. Clin. North Am. Food Anim. Pract. 2011, 27, 599–607. [CrossRef] [PubMed]
13. Kudahl, A.B.; Nielsen, S.S.; Ostergaard, S. Strategies for time of culling in control of paratuberculosis in dairy herds. J. Dairy Sci.

2011, 94, 3824–3834. [CrossRef]
14. Nielsen, S.S.; Toft, N. Age-specific characteristics of ELISA and fecal culture for purpose-specific testing for paratuberculosis. J.

Dairy Sci. 2006, 89, 569–579. [CrossRef]
15. Sevilla, I.A.; Garrido, J.M.; Molina, E.; Geijo, M.V.; Elguezabal, N.; Vázquez, P.; Juste, R.A. Development and evaluation of a novel

multicopy-element-targeting triplex PCR for detection of Mycobacterium avium subsp. paratuberculosis in feces. Appl. Environ.
Microbiol. 2014, 80, 3757–3768. [CrossRef] [PubMed]

16. Wells, S.J.; Collins, M.T.; Faaberg, K.S.; Wees, C.; Tavornpanich, S.; Petrini, K.R.; Collins, J.E.; Cernicchiaro, N.; Whitlock, R.H.
Evaluation of a rapid fecal PCR test for detection of Mycobacterium avium subsp. paratuberculosis in dairy cattle. Clin. Vaccine
Immunol. 2006, 13, 1125–1130. [CrossRef]

17. Nielsen, S.S.; Toft, N. Ante mortem diagnosis of paratuberculosis: A review of accuracies of ELISA, interferon-γ assay and faecal
culture techniques. Vet. Microbiol. 2008, 129, 217–235. [CrossRef]

18. Capsel, R.T.; Thoen, C.O.; Reinhardt, T.A.; Lippolis, J.D.; Olsen, R.; Stabel, J.R.; Bannantine, J.P. Composition and potency
characterization of Mycobacterium avium subsp. paratuberculosis purifed protein derivatives. PLoS ONE 2016, 11, 1–19. [CrossRef]

19. Seth, M.; Lamont, E.A.; Janagama, H.K.; Widdel, A.; Vulchanova, L.; Stabel, J.R.; Waters, W.R.; Palmer, M.V.; Sreevatsan, S.
Biomarker discovery in subclinical mycobacterial infections of cattle. PLoS ONE 2009, 4, e5478. [CrossRef]

20. You, Q.; Verschoor, C.P.; Pant, S.D.; Macri, J.; Kirby, G.M.; Karrow, N.A. Proteomic analysis of plasma from Holstein cows testing
positive for Mycobacterium avium subsp. paratuberculosis (MAP). Vet. Immunol. Immunopathol. 2012, 148, 243–251. [CrossRef]

21. Cha, S.B.; Yoo, A.; Park, H.T.; Sung, K.Y.; Shin, M.K.; Yoo, H.S. Analysis of transcriptional profiles to discover biomarker
candidates in Mycobacterium avium subsp. paratuberculosis-infected macrophages, RAW 264.7. J. Microbiol. Biotechnol. 2013, 23,
1167–1175. [CrossRef]

22. David, J.; Barkema, H.W.; Guan, L.L.; De Buck, J. Gene-expression profiling of calves 6 and 9 months after inoculation with
Mycobacterium avium subsp. paratuberculosis. Vet. Res. 2014, 45, 96. [CrossRef]

http://doi.org/10.1136/vr.121.7.142
http://doi.org/10.1016/j.prevetmed.2003.11.008
http://doi.org/10.1016/S1473-3099(07)70211-6
http://doi.org/10.3389/fpubh.2017.00208
http://www.ncbi.nlm.nih.gov/pubmed/29021977
http://doi.org/10.1038/s41598-018-19957-z
http://www.ncbi.nlm.nih.gov/pubmed/29379122
http://doi.org/10.3390/jcm7120522
http://www.ncbi.nlm.nih.gov/pubmed/30544526
http://doi.org/10.1038/srep22401
http://doi.org/10.1038/srep22266
http://www.ncbi.nlm.nih.gov/pubmed/26923214
http://doi.org/10.1186/1476-8518-9-8
http://www.ncbi.nlm.nih.gov/pubmed/22035107
http://doi.org/10.1016/S0167-5877(02)00027-2
http://doi.org/10.1016/j.cvfa.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22023838
http://doi.org/10.3168/jds.2010-3933
http://doi.org/10.3168/jds.S0022-0302(06)72120-8
http://doi.org/10.1128/AEM.01026-14
http://www.ncbi.nlm.nih.gov/pubmed/24727272
http://doi.org/10.1128/CVI.00236-06
http://doi.org/10.1016/j.vetmic.2007.12.011
http://doi.org/10.1371/journal.pone.0154685
http://doi.org/10.1371/journal.pone.0005478
http://doi.org/10.1016/j.vetimm.2012.05.002
http://doi.org/10.4014/jmb.1302.02021
http://doi.org/10.1186/s13567-014-0096-5


Animals 2021, 11, 1370 12 of 13

23. Shin, M.K.; Park, H.T.; Shin, S.W.; Jung, M.; Im, Y.B.; Park, H.E.; Cho, Y.I.; Yoo, H.S. Whole-blood gene-expression profiles of cows
infected with Mycobacterium avium subsp. paratuberculosis reveal changes in immune response and lipid metabolism. J. Microbiol.
Biotechnol. 2015, 25, 255–267. [CrossRef]

24. Shin, M.K.; Park, H.; Shin, S.W.; Jung, M.; Lee, S.H.; Kim, D.Y.; Yoo, H.S. Host transcriptional profiles and immunopathologic
response following Mycobacterium avium subsp. paratuberculosis infection in mice. PLoS ONE 2015, 10, e0138770. [CrossRef]

25. Hempel, R.J.; Bannantine, J.P.; Stabel, J.R. Transcriptional profiling of ileocecal valve of Holstein dairy cows infected with
Mycobacterium avium subsp. paratuberculosis. PLoS ONE 2016, 11, e0153932. [CrossRef]

26. Malvisi, M.; Palazzo, F.; Morandi, N.; Lazzari, B.; Williams, J.L.; Pagnacco, G.; Minozzi, G. Responses of bovine innate immunity
to Mycobacterium avium subsp. paratuberculosis infection revealed by changes in gene expression and levels of microRNA. PLoS
ONE 2016, 11, e0164461. [CrossRef]

27. Van den Esker, M.H.; Koets, A.P. Application of transcriptomics to enhance early diagnostics of mycobacterial infections, with an
emphasis on Mycobacterium avium ssp. paratuberculosis. Vet. Sci. 2019, 6, 59. [CrossRef] [PubMed]

28. Palacios, A.; Sampedro, L.; Sevilla, I.A.; Molina, E.; Gil, D.; Azkargorta, M.; Elortza, F.; Garrido, J.M.; Anguita, J.; Prados-
Rosales, R. Mycobacterium tuberculosis extracelular vesicle-associated lipoprotein LpqH as a potential biomarker to distinguish
paratuberculosis infection or vaccination from tuberculosis infection. BMC Vet. Res. 2019, 15, 188. [CrossRef]

29. Purdie, A.C.; Plain, K.M.; Begg, D.J.; de Silva, K.; Whittington, R.J. Gene expression profiles during subclinical Mycobacterium
avium subspecies paratuberculosis infection in sheep can predict disease outcome. Sci. Rep. 2019, 9, 8245. [CrossRef] [PubMed]

30. Shaughnessy, R.G.; Farrell, D.; Stojkovic, B.; Browne, J.A.; Kenny, K.; Gordon, S.V. Identification of microRNAs in bovine faeces
and their potential as biomarkers of Johne’s Disease. Sci. Rep. 2020, 10, 5908. [CrossRef] [PubMed]

31. Alonso-Hearn, M.; Canive, M.; Blanco-Vázquez, C.; Torremocha, R.; Balseiro, A.; Amado, J.; Varela-Martínez, E.; Ramos, R.; Jugo,
B.M.; Casais, R. RNA-Seq analysis of ileocecal valve and peripheral blood from Holstein cattle infected with Mycobacterium avium
subsp. paratuberculosis revealed dysregulation of the CXCL8/IL8 signaling pathway. Sci. Rep. 2019, 9, 14845. [CrossRef]

32. Blanco Vázquez, C.; Alonso-Hearn, M.; Juste, R.A.; Canive, M.; Iglesias, T.; Iglesias, N.; Amado, J.; Vicente, F.; Balseiro, A.; Casais,
R. Detection of latent forms of Mycobacterium avium subsp. paratuberculosis infection using host biomarker-based ELISAs greatly
improves paratuberculosis diagnostic sensitivity. PLoS ONE 2020, 15, e0236336. [CrossRef] [PubMed]

33. Arranz-Plaza, E.; Tracy, A.S.; Siriwardena, A.; Pierce, J.M.; Boons, G.J. High-avidity, low-affinity multivalent interactions and the
block to polyspermy in Xenopus laevis. J. Am. Chem. Soc. 2002, 124, 13035–13046. [CrossRef]

34. Tsuji, S.; Uehori, J.; Matsumoto, M.; Suzuki, Y.; Matsuhisa, A.; Toyoshima, K.; Seya, T. Human intelectin is a novel soluble lectin
that recognizes galactofuranose in carbohydrate chains of bacterial cell wall. J. Biol. Chem. 2001, 276, 23456–23463. [CrossRef]

35. Dann, S.M.; Eckmann, L. Innate immune defenses in the intestinal tract. Curr. Opin. Gastroenterol. 2007, 32, 115–120. [CrossRef]
[PubMed]

36. Abe, Y.; Tokuda, M.; Ishimoto, R.; Azumi, K.; Yokosawa, H. A unique primary structure, cDNA cloning and function of a
galactose-specific lectin from ascidian plasma. Eur. J. Biochem. 1999, 261, 33–39. [CrossRef]

37. Pemberton, A.D.; Knight, P.A.; Gamble, J.; Colledge, W.H.; Lee, J.K.; Pierce, M.; Miller, H.R. Innate BALB/c enteric epithelial
responses to Trichinella spiralis: Inducible expression of a novel goblet cell lectin, intelectin-2, and its natural deletion in C57BL/10
mice. J. Immunol. 2004, 173, 1894–1901. [CrossRef] [PubMed]

38. Datta, R.; deSchoolmeester, M.L.; Hedeler, C.; Paton, N.W.; Brass, A.M.; Else, K.J. Identification of novel genes in intestinal tissue
that are regulated after infection with an intestinal nematode parasite. Infect. Immun. 2005, 73, 4025–4033. [CrossRef]

39. Chang, M.X.; Nie, P. Intelectin gene from the grass carp Ctenopharyngodon idella: cDNA cloning, tissue expression, and immuno-
histochemical localization. Fish Shellfish Immunol. 2007, 23, 128–140. [CrossRef]

40. French, A.T.; Knight, P.A.; Smith, W.D.; Brown, J.K.; Craig, N.M.; Pate, J.A.; Miller, H.R.; Pemberton, A.D. Up-regulation of
intelectin in sheep after infection with Teladorsagia circumcincta. Int. J. Parasitol. 2008, 38, 467–475. [CrossRef]

41. Takano, T.; Sha, Z.; Peatman, E.; Terhune, J.; Liu, H.; Kucuktas, H.; Li, P.; Edholm, E.S.; Wilson, M.; Liu, Z. The two channel catfish
intelectin genes exhibit highly differential patterns of tissue expression and regulation after infection with Edwardsiella ictaluri.
Dev. Comp. Immunol. 2008, 32, 693–705. [CrossRef]

42. Kuperman, D.A.; Lewis, C.C.; Woodruff, P.G.; Rodriguez, M.W.; Yang, Y.H.; Dolganov, G.M.; Fahy, J.V.; Erle, D.J. Dissecting
asthma using focused transgenic modeling and functional genomics. J. Allergy Clin. Immunol. 2005, 116, 305–311. [CrossRef]

43. Kilpatrick, D.C. Animal lectins: A historical introduction and overview. Biochim. Biophys. Acta. 2002, 1572, 187–197. [CrossRef]
44. Tosi, M.F. Innate immune responses to infection. J. Allergy Clin. Immunol. 2005, 116, 241–249. [CrossRef] [PubMed]
45. Yan, J.; Wang, J.F.; Zhao, Y.Q.; Zhang, J.Y.; Bai, C.C.; Zhang, C.Q.; Zhang, C.; Li, K.; Zhang, H.; Du, X.; et al. Identification of an

amphioxus intelectin homolog that preferably agglutinates grampositive over gram-negative bacteria likely due to different
binding capacity to LPS and PGN. Fish Shellfish Immunol. 2012, 33, 11–20. [CrossRef] [PubMed]

46. Yan, J.; Zhang, C.; Zhang, Y.; Li, K.; Xu, L.; Guo, L.; Kong, Y.; Feng, L. Characterization and comparative analyses of two
amphioxus intelectins involved in the innate immune response. Fish Shellfish Immunol. 2013, 34, 1139–1146. [CrossRef] [PubMed]

47. Yonekawa, A.; Saijo, S.; Hoshino, Y.; Miyake, Y.; Ishikawa, E.; Suzukawa, M.; Inoue, H.; Tanaka, M.; Yoneyama, M.; Oh-Hora,
M.; et al. Dectin-2 is a direct receptor for mannose-capped lipoarabinomannan of mycobacteria. Immunity 2014, 41, 402–413.
[CrossRef]

48. Komiya, T.; Tanigawa, Y.; Hirohashi, S. Cloning of the novel gene intelectin, which is expressed in intestinal paneth cells in mice.
Biochem. Biophys. Res. Commun. 1998, 251, 759–762. [CrossRef] [PubMed]

http://doi.org/10.4014/jmb.1408.08059
http://doi.org/10.1371/journal.pone.0138770
http://doi.org/10.1371/journal.pone.0153932
http://doi.org/10.1371/journal.pone.0164461
http://doi.org/10.3390/vetsci6030059
http://www.ncbi.nlm.nih.gov/pubmed/31247942
http://doi.org/10.1186/s12917-019-1941-6
http://doi.org/10.1038/s41598-019-44670-w
http://www.ncbi.nlm.nih.gov/pubmed/31160677
http://doi.org/10.1038/s41598-020-62843-w
http://www.ncbi.nlm.nih.gov/pubmed/32246047
http://doi.org/10.1038/s41598-019-51328-0
http://doi.org/10.1371/journal.pone.0236336
http://www.ncbi.nlm.nih.gov/pubmed/32881863
http://doi.org/10.1021/ja020536f
http://doi.org/10.1074/jbc.M103162200
http://doi.org/10.1097/MOG.0b013e32803cadf4
http://www.ncbi.nlm.nih.gov/pubmed/17268238
http://doi.org/10.1046/j.1432-1327.1999.00238.x
http://doi.org/10.4049/jimmunol.173.3.1894
http://www.ncbi.nlm.nih.gov/pubmed/15265922
http://doi.org/10.1128/IAI.73.7.4025-4033.2005
http://doi.org/10.1016/j.fsi.2006.09.012
http://doi.org/10.1016/j.ijpara.2007.08.015
http://doi.org/10.1016/j.dci.2007.10.008
http://doi.org/10.1016/j.jaci.2005.03.024
http://doi.org/10.1016/S0304-4165(02)00308-2
http://doi.org/10.1016/j.jaci.2005.05.036
http://www.ncbi.nlm.nih.gov/pubmed/16083775
http://doi.org/10.1016/j.fsi.2012.03.023
http://www.ncbi.nlm.nih.gov/pubmed/22475783
http://doi.org/10.1016/j.fsi.2013.01.017
http://www.ncbi.nlm.nih.gov/pubmed/23428515
http://doi.org/10.1016/j.immuni.2014.08.005
http://doi.org/10.1006/bbrc.1998.9513
http://www.ncbi.nlm.nih.gov/pubmed/9790983


Animals 2021, 11, 1370 13 of 13

49. Lee, J.K.; Baum, L.G.; Moremen, K.; Pierce, M. The X-lectins: A new family with homology to the Xenopus laevis oocyte lectin
XL-35. Glycoconj. J. 2004, 21, 443–450. [CrossRef]

50. Peatman, E.; Baoprasertkul, P.; Terhune, J.; Xu, P.; Nandi, S.; Kucuktas, H.; Li, P.; Wang, S.; Somridhivej, B.; Dunham, R.; et al.
Expression analysis of the acute phase response in channel catfish (Ictalurus punctatus) after infection with a Gram-negative
bacterium. Dev. Comp. Immunol. 2007, 31, 1183–1196. [CrossRef]

51. Russell, S.; Young, K.M.; Smith, M.; Hayes, M.A.; Lumsden, J.S. Identification, cloning and tissue localization of a rainbow trout
(Oncorhynchus mykiss) intelectin-like protein that binds bacteria and chitin. Fish Shellfish Immunol. 2008, 25, 91–105. [CrossRef]
[PubMed]

52. Lin, B.; Cao, Z.; Su, P.; Zhang, H.B.; Li, M.Z.; Lin, Y.Q.; Zhao, D.; Shen, Y.; Jinj, C.; Chen, S.; et al. Characterization and comparative
analyses of zebrafish intelectins: Highly conserved sequences, diversified structures and functions. Fish Shellfish Immunol. 2009,
26, 396–405. [CrossRef]

53. Xue, Z.; Pang, Y.; Liu, X.; Zheng, Z.; Xiao, R.; Jin, M.; Han, Y.; Su, P.; Lv, L.; Wang, J.; et al. First evidence of protein G-binding
protein in the most primitive vertebrate: Serum lectin from lamprey (Lampetra japonica). Dev. Comp. Immunol. 2013, 41, 618–630.
[CrossRef] [PubMed]

54. Lee, J.K.; Schnee, J.; Pang, M.; Wolfert, M.; Baum, L.G.; Moremen, K.W.; Pierce, M. Human homologs of the Xenopus oocyte
cortical granule lectin XL35. Glycobiology 2001, 11, 65–73. [CrossRef] [PubMed]

55. Cloix, L.; Reverchon, M.; Cornuau, M.; Froment, P.; Rame, C.; Costa, C.; Froment, G.; Lecomte, P.; Chen, W.; Royère, D.; et al.
Expression and regulation of INTELECTIN1 in human granulosa-lutein cells: Role in IGF-1-induced steroidogenesis through
NAMPT. Biol. Reprod. 2014, 91, 50. [CrossRef]

56. Wrackmeyer, U.; Hansen, G.H.; Seya, T.; Danielsen, E.M. Intelectin: A novel lipid raft-associated protein in the enterocyte brush
border. Biochemistry 2006, 45, 9188–9197. [CrossRef] [PubMed]

57. Peebles, R.S. The intelectins: A new link between the immune response to parasitic infections and allergic inflammation? Am. J.
Physiol. Lung Cell. Mol. Physiol. 2010, 298, L288–L289. [CrossRef]

58. Suzuki, Y.A.; López, V.; Lonnerdal, B. Mammalian lactoferrin receptors: Structure and function. Cell. Mol. Life Sci. 2005, 62,
2560–2575. [CrossRef]

59. Pemberton, A.D.; Knight, P.A.; Wright, S.H.; Miller, R.P. Proteomic analysis of mouse jejunal epithelium and its response to
infection with the intestinal nematode, Trichinella spiralis. Proteomics 2004, 4, 1101–1108. [CrossRef]

60. González, J.; Geijo, M.V.; García-Pariente, C.; Verna, A.; Corpa, J.M.; Reyes, L.E.; Ferreras, M.C.; Juste, R.A.; García Marín, J.F.;
Pérez, V. Histopathological classification of lesions associated with natural paratuberculosis infection in cattle. J. Comp. Path.
2005, 133, 184–196. [CrossRef] [PubMed]

61. Balseiro, A.; Pérez, V.; Juste, R.A. Chronic regional intestinal inflammatory disease: A trans-species slow infection? Comp.
Immunol. Microbiol. Infect. Dis. 2019, 62, 88–100. [CrossRef]

62. Vázquez, P.; Ruiz-Larrañaga, O.; Garrido, J.M.; Iriondo, M.; Manzano, C.; Agirre, M.; Estonba, A.; Juste, R.A. Genetic association
analysis of paratuberculosis forms in Holstein-friesian cattle. Vet. Med. Int. 2014, 2014, 321327. [CrossRef]

63. Park, H.E.; Park, H.T.; Jung, Y.H.; Yoo, H.S. Establishment a real-time reverse transcription PCR based on host biomarkers for
the detection of the subclinical cases of Mycobacterium avium subsp. paratuberculosis. PLoS ONE 2017, 12, e0178336. [CrossRef]
[PubMed]

64. Muller, M.P.; Tomlinson, G.; Marrie, T.J.; Tang, P.; McGeer, A.; Low, D.E.; Detsky, A.S.; Gold, W.L. Can routine laboratory tests
discriminate between severe acute respiratory syndrome and other causes of community-acquired pneumonia? Clin. Infect. Dis.
2005, 40, 1079–1086. [CrossRef] [PubMed]

65. Bevins, C.L.; Salzman, N.H. Paneth cells, antimicrobial peptides and maintenance of intestinal homeostasis. Nat. Rev. Microbiol.
2011, 9, 356–368. [CrossRef] [PubMed]

66. Tsuji, S.; Yamashita, M.; Hoffman, D.R.; Nishiyama, A.; Shinohara, T.; Ohtsu, T.; Shibata, Y. Capture of heat-killed Mycobacterium
bovis bacillus Calmette-Guérin by intelectin-1 deposited on cell surfaces. Glycobiology 2009, 19, 518–526. [CrossRef] [PubMed]

67. Voehringer, D.; Stanley, S.A.; Cox, J.S.; Completo, G.C.; Lowary, T.L.; Locksley, R.M. Nippostrongylus brasiliensis: Identification of
intelectin-1 and -2 as Stat6-dependent genes expressed in lung and intestine during infection. Exp. Parasitol. 2007, 116, 458–466.
[CrossRef]

68. Chen, L.; Yan, J.; Sun, W.; Zhang, Y.; Sui, C.; Qi, J.; Du, Y.; Feng, L. A zebrafish intelectin ortholog agglutinates both Gram-negative
and Gram-positive bacteria with binding capacity to bacterial polysaccharide. Fish Shellfish Immunol. 2016, 55, 729–736. [CrossRef]

69. Pisanu, S.; Cubeddu, T.; Cacciotto, C.; Pilicchi, Y.; Pagnozzi, D.; Uzzau, S.; Rocca, S.; Addis, M.F. Characterization of paucibacillary
ileal lesions in sheep with subclinical active infection by Mycobacterium avium subsp. paratuberculosis. Vet. Res. 2018, 49, 117.
[CrossRef]

70. Espinosa, J.; de la Morena, R.; Benavides, J.; García-Pariente, C.; Fernández, M.; Tesouro, M.; Arteche, N.; Vallejo, R.; Ferreras, M.C.;
Pérez, V. Assessment of acute-phase protein response associated with the different pathological forms of bovine paratuberculosis.
Animals 2020, 10, 1925. [CrossRef]

http://doi.org/10.1007/s10719-004-5534-6
http://doi.org/10.1016/j.dci.2007.03.003
http://doi.org/10.1016/j.fsi.2008.02.018
http://www.ncbi.nlm.nih.gov/pubmed/18502147
http://doi.org/10.1016/j.fsi.2008.11.019
http://doi.org/10.1016/j.dci.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23806362
http://doi.org/10.1093/glycob/11.1.65
http://www.ncbi.nlm.nih.gov/pubmed/11181563
http://doi.org/10.1095/biolreprod.114.120410
http://doi.org/10.1021/bi060570x
http://www.ncbi.nlm.nih.gov/pubmed/16866365
http://doi.org/10.1152/ajplung.00441.2009
http://doi.org/10.1007/s00018-005-5371-1
http://doi.org/10.1002/pmic.200300658
http://doi.org/10.1016/j.jcpa.2005.04.007
http://www.ncbi.nlm.nih.gov/pubmed/16045917
http://doi.org/10.1016/j.cimid.2018.12.001
http://doi.org/10.1155/2014/321327
http://doi.org/10.1371/journal.pone.0178336
http://www.ncbi.nlm.nih.gov/pubmed/28542507
http://doi.org/10.1086/428577
http://www.ncbi.nlm.nih.gov/pubmed/15791504
http://doi.org/10.1038/nrmicro2546
http://www.ncbi.nlm.nih.gov/pubmed/21423246
http://doi.org/10.1093/glycob/cwp013
http://www.ncbi.nlm.nih.gov/pubmed/19179460
http://doi.org/10.1016/j.exppara.2007.02.015
http://doi.org/10.1016/j.fsi.2016.06.023
http://doi.org/10.1186/s13567-018-0612-0
http://doi.org/10.3390/ani10101925

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Animals and Samples 
	Serological, Bacteriological and Molecular Characterization of the Animals 
	Histopathological Classification of Animals 
	Immunohistochemistry (IHC) and Image Analysis 
	Statistical Analysis 

	Results 
	Quantitative Immunohistochemical Evaluation of ITLN2 Secreting Cells within the Different PTB Histopathological Types 
	ROC Analysis 

	Discussion 
	Conclusions 
	References

