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Crohn’s disease and ulcerative colitis in humans and paratuberculosis in domestic and wild ruminants can be
defined as chronic regional intestinal inflammatory diseases (CRIID). This review is a literature overview on
these diseases in humans, non-human primates, dogs, cats, rabbits, equids and ruminants with a focus on pa-
thological and microbiological features aimed identifying common characteristics that could lead to a unified
pathological classification for a better understanding of their mechanisms and causes. The result is a framework
of inflammatory forms throughout the different species indicative of common mechanisms of the slow infection

type characterized by a time course varying from weeks to months or even years, and where the inflammatory
component would be more prominent in the intestinal interphase between host and environment and be mor-
phologically characterized by an infiltrate ranging from lymphoplasmacytic to histiocytic. This should provide
new insights for causation demonstration and therapeutic approaches in human IBD.

1. Introduction

Inflammatory bowel disease (IBD) is a term commonly applied to a
multifactorial intestinal disorder for which a definitive etiology is still
unknown, but that includes a convergence of genetic predisposition,
intestinal microbiota changes, external environmental factors and host
immunological responses [1,2]. In humans, there are different clinical
IBD syndromes of which Crohn’s disease (CD) and ulcerative colitis
(UQ) are the most frequent and best known. IBD has also been reported
in non-human primates, dogs, cats and horses [3-6].

In domestic and wildlife ruminants this type of disorder corresponds
to a chronic granulomatous enteritis that is recognized as a frequent,
widespread and often of big population impact disease called para-
tuberculosis or Johne’s disease. Paratuberculosis is a chronic infectious
disease caused by Mycobacterium avium subspecies paratuberculosis
(MAP) first reported in a cow in 1895 [7]. MAP are acid fast bacilli
which belong to the Mycobacterium avium complex (MAC) group of slow
growth mycobacterial species. The disease is relatively well studied in
domestic ruminants (cattle, sheep and goat), but there are relatively
few reports in wildlife, although it has been repeatedly reported in free-
ranging deer [8-12]. MAP has also been isolated from dogs, wild boar
(Sus scrofa), foxes (Vulpes vulpes), stoats (Mustela erminea), weasels
(Mustela nivalis), badgers (Meles meles), wood mice (Apodemus
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sylvaticus), rats (Rattus norvegicus), brown hares (Lepus europaeus),
jackdaws (Corvus monedula), rooks (Corvus frugilegus), crows (Corvus
corone), and wild rabbits (Oryctolagus cuniculus) among other domestic
and wildlife animals [10,13-19].

Both IBD and paratuberculosis can be included in the concept of
“chronic regional intestinal inflammatory diseases (CRIID)”, based on
the clinical course, pathological presentation and inflammatory in-
filtrate composition, variants of which can be found in almost any
mammal species. In general terms, CRIIDs would be associated with
dysfunction of the gastrointestinal tract due to infiltration of the mu-
cosa and submucosa with populations of lymphocytes, macrophages,
plasma cells and few eosinophils and basophils [20-22].

In spite of their obvious morpho-clinical similarities pointing out to a
common primitive type of innate immune response typical of slow infec-
tions, association with an obvious bacterial agent or not in the first de-
scriptions of these diseases in each species led to two separate approaches.
Where no bacterial agent was observed, the disease was defined exclusively
by its morphological aspects and further classified according to its histo-
pathological features. It is the type found in monogastric species. Where
MAP is isolated, the disease is named according to its mycobacterial
etiology and defined as paratuberculosis and its variants and classified ac-
cording to the extension, the cellular inflammatory infiltrate and the
amount of mycobacteria present in the histological lesions.
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Historical main events of chronic regional inflammations (CRIIDs). Most relevant milestones are included from 1509 to present day.

Year Author Main finding

1502 Benivieni, Bologne [24] First series of human enteritis

1643  Petitfils, 2008, Paris [48] Louis XIII as a case of well studied granulomatous regional enteritis

1769  Morgagni, Florence [25] Description of a case of granulomatous enterocolitis in his De sedibus et causis morborum per anatomen indicatis

1793 Baillie, London [49] Description of regional enteritis in his Anatomia Morbida

1859  Wilks, London [27] Pathological descriptions of regional enteritis

1895 Johne and Frothingam, Dresden [7] First case of paratuberculosis in a cow

1898  Berg, Stockholm (cited by Kirsner) [50,34] Report on a case of human ileitis inflammatory disease

1904  Lesniowsky, Warsaw [51] Report on a case of human ileitis inflammatory disease

1912 Twort and Ingram, London [37] Isolation of Mycobacterium enteriditis chronicae pseudotuberculosae bovis on media supplemented with dead
mycobacteria

1913  Dalziel, Edinburgh [28] Pathological similarities between human and ruminant regional enteritis

1923  Moschcowitz and Wilensky, New York [32] Inespecific granulomas in the intestine, distal ileum thickening and fistulization

1932 Crohn, Ginzburg, Oppenheimer, New York [29] Regional ileitis; a pathologic and clinical entity

1960 Lockhart-Mummery and Morson, London [33] 25 cases of CD (regional ileitis) and distinction from ulcerative colitis

1975 Marshak, New York [34] Definition and differentiation of regional enteritis and ulcerative colitis

1975 Morson, London [35] Initial pathologic descriptions of ulcerative colitis

1984 Chiodini et al., New York [36] First isolation of MAP in human CD cases

1990  Carrigan and Seaman, New South Wales [38] First description of diffuse lymphocytic lesions with few mycobacteria in ovine, resembling the CD pattern

2003  Greenstein, Nueva York [43] Evaluation of mycobacterial etiology in CD

2004 Naser et al., Florida [40] Isolation of MAP in blood from patients with Crohn's disease

2007  Clancy et al., New South Wales [41] Increased values of tumor necrosis factor-alpha and presence of MAP in intestine of patients with CD

2007  Abubakar et al., Norwich [42] Significantly associated meta-analysis between MAP and Crohn's disease

2008 Juste et al., Bilbao [43] Presence of DNA from MAP in healthy blood donors

2009  Juste et al., Bilbao [44] First significantly associated meta-analysis between inflammatory enteritis and immune response against mycobacteria

2014 Véazquez et al., Bilbao [22] Epidemiopathogenic forms of paratuberculosis defined

2014  Kiipper et al., Gieben [45] Genetic association between NOD2 polymorphism and infection status by MAP in German Holstein cattle

2018  Juste et al., Villaviciosa [55] Genetic risk for paratuberculosis epidemiopathogenic forms

2018  Girardelli et al., Trieste [46] Genetic profile of patients with early onset inflammatory bowel disease

CD: Crohn's disease; MAP: M. avium subspecies paratuberculosis.

In this paper, we will review the literature on both groups and
discuss similarities and differences in order to go back to mechanisms
that might point out to similar etiological roots and to its implications
regarding new strategies for causation demonstration and therapeutic
approaches.

2. History of CRIIDs

Apart from very general descriptions of intestinal disease in old
Greek and roman medicine books [23], the first series of enteritis cases
in humans was reported by Benivieni in Bologna in 1502 [24] (Table 1).
A more specific form of disease that could be assimilated to what we
now know as IBD was first described by Morgagni Giovanni Battista
Morgagni in 1769 [25], although Gullielmus Fabricius Hildenus in 1612
had noted ulcerated cecum contracted and invaginated into the ileum
in a boy who died after persistent abdominal pain and diarrhea [26].
Samuel Wilks in 1859 also described ulcerative colitis in London in an
old woman who died after several months of diarrhea and fever [27].
Perhaps the first more important milestone in terms of IBD identifica-
tion and etiology association was the 1913 paper of Dalziel where the
similarities between chronic interstitial ileitis and Johne’s myco-
bacterial intestinal disease of cattle was pointed out [28], shortly after
the bovine chronic enteritis had been first described by Johne and
Frothingham [7]. Finally, the entity currently known as Crohn’s disease
was defined in 1932 when Burril Bernard Crohn, an American gastro-
enterologist, submitted to a meeting of the American Society of Gas-
troenterology a paper describing a series of 14 cases of terminal re-
gional ileitis surgically treated at the Mount Sinai hospital by several
colleagues [29]. This seminal paper led to the coining of the Crohn’s
disease eponym and its quick worldwide acceptance. After that, many
studies and findings have been published along the years [30,31], of
which the more relevant to this paper approach are included in Table 1
[7,24,25,27,28,32-51].
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3. Etiological and microbiological aspects of CRIIDs

The incidence of human IBD has been increasing worldwide during
the last century, but it seems to have stabilized now [2]. Great efforts
have been made throughout the XXth century trying to find a specific
cause. As a consequence, numerous biological and chemical agents
have been proposed as causative agents without a definitive etiology
identification. At this moment, it only seems clear that an interaction of
genetic factors, intestinal microbiota changes, external environmental
factors and host immunological responses is involved [1,2,52] but no
single factor or specific combination has been identified. Regarding
genetic factors, certain genes (i.e. NOD2/CARD15, SLC11A1, TLRs or
ILRs) are involved in IBD susceptibility, some of which have also been
related to paratuberculosis [45,46,53-58]. For instance, the recent
development of metagenomics has allowed to identify changes in the
composition of the intestinal microbiota such as increased populations
of Enterobacteriacea or decreased of Bacteriodales [59]. More specifi-
cally, infectious pathogens, such as virus (Cytomegalovirus) and bac-
teria (Chlamidia trachomatis, Aerobacter aerogenes, Campylobacter fetus
jejuni, Escherichia coli or Yersinia enterocolitica) have been proposed as
possible IBD causal agents throughout time [30,31,60]. Most of them
have been only superficially studied, but due to CD and para-
tuberculosis pathological and clinical similarities and the relevance of a
zoonotic transmission, MAP has received more prolonged attention as a
potential cause of CD [61]. However, up to now, convincing evidence to
support the role of a specific microorganism in IBD is still missing and,
therefore a comparative pathology approach discussion can be worth-
while.

In this perspective, focusing on the main suspect, MAP, it can be
pointed out that it is an intracellular pathogenic microorganism that
can survive up to a year into the environment after having been ex-
creted in the feces of infected animals due to the particular character-
istics of its mycobacterial cell wall [62]. Thus, pastures contaminated
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by paratuberculous animals can accumulate bacteria that not only
keeps them contagious, but also allows washing down to water courses
and subsequent infection of susceptible hosts at a distance. Ad-
ditionally, since MAP can survive in milk and its derivatives, even after
pasteurization [63], humans might be more or less frequently exposed
to MAP through contamination of food and water, and probably aero-
sols too [64].

Chiodini et al. [36] were the first microbiologists to successfully
isolate MAP from three patients with CD in 1984, thus opening great
expectations on a quick and solid demonstration of the mycobacterial
etiology of human CRIID. However, current published data on the po-
tential role of MAP in CD causation are still contradictory, although in
the last years the balance has shifted towards considering MAP as the
possible microbiological causative agent in at least fraction (30%-50%)
of CD patients [65]. The prevalence of MAP in patients with CD is
highly variable, with estimates ranging from 0 to 35% [66] to 92%
[67,68]. Naser et al. [40,69] were able to isolate MAP from the breast
milk and peripheral blood macrophages of patients with CD, even
though without visual observation of neither colonies nor bacilli. Singh
et al. [70] also found high prevalence of MAP ('Indian bison type') in
animal attendants suffering from gastrointestinal complaints working
with goat herds endemic for paratuberculosis in India. Different studies
have additionally found significant associations between MAP and CD
patients using PCR assays and culture [67,71-73]. These associations,
however, do not fully comply with Koch’s postulates since MAP can
also often be detected in blood, tissues and feces from healthy in-
dividuals [43,44,67,74,75]. Koch’s postulates require for causation that
(i) the bacteria must be present in every case of the disease, (ii) the
bacteria must be isolated from the host with the disease and grown in
pure culture, (iii) the specific disease must be reproduced when a pure
culture of the bacteria is inoculated into a healthy susceptible host and
(iv) the bacteria must be recoverable from the experimentally infected
host [76]. However, this is not a critical argument against a MAP
etiology given that these postulates were developed for acute infectious
diseases while in chronic diseases like paratuberculosis most in-
dividuals in an infected environment also become infected albeit re-
maining in a latent subclinical form without developing clinical disease
despite of having positive culture and/or PCR results [11,22,77-79].
This is also well known in the other big mycobacterial disease, tu-
berculosis, where it is estimated that the ratio of healthy infected car-
riers to new progressive disease patients is about 219 to 1 [80].

Another point in favor of MAP causation is that a substantial pro-
portion of people with active CD get better when are treated with drug
combinations (i.e. rifabutin and clarithromycin) which are active
against MAP infections [81,82].

The implication of MAP in patients with UC has received less at-
tention and is less supported by culture results data [65], although MAP
has also been isolated from patients with this form of disease [71].

4. Immunopathological aspects of CRIIDs and the “slow” infection
model

CRIIDs have similar immunopathological characteristics in the in-
itial stage, course, latency and development of the disease (see section
on pathological forms). The similarities in latency suggest that if a
pathogen is involved, it would use the same signaling pathways to
dysregulate the immune response and establish a persistent infection,
that eventually, over time, would drive a growing spiral of tissue in-
flammation leading to development of clinical disease once a certain
quantitative threshold has been crossed [83]. The immune response,
thus, would exert a certain control of the pathogen. In some cases this
would make infection nearly undetectable, but in others it will allow
massive multiplication within the macrophagic cells. In both cases the
agent would provide a constant stimulus to the more primitive un-
specific cellular element of the immune system that is unable to prime
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the more evolved specific immune response. The triggers for transition
from latent infection to clinical illness are unknown and are likely re-
lated to host genetic factors, lack of efficacy of phagocytosis and altered
innate immune response [84]. According to this immunopathological
model of paratuberculosis, in about half of a farm population, the in-
nate immune response is efficient and capable of dead stop the infection
before causing any visible lesion [84]. But if that innate immune re-
sponse is inefficient, the disease progresses to subclinical delimited
focal or multifocal forms, and, in few animals, to diffuse patent forms
(lymphocytic or histiocytic) with a specific humoral immune response.
A similar phenomenon is seen in other infectious diseases in humans
and animals such as tuberculosis, Maedi-Visna, mycoplasmosis or Q
fever, between others. For instance, tuberculous granulomas are ob-
served in active, latent and reactivation stages of tuberculosis. The tu-
berculous lesion is highly dynamic and shaped both by the pathogen
and the host defense elements [85]. The initial/latent tuberculous
granuloma successfully contains (but do not eliminate) the infectious
focus in more than 90% of cases, whereas 10% of individuals progress
towards tuberculosis disease as a consequence of an unbalanced in-
flammatory reaction. In this model, the granuloma is capable of re-
stricting the growth of the mycobacteria, but also provides to them a
good environment from which the bacteria may disseminate.

The features of CRIIDs fully fall within the concept of “slow infec-
tion” originally proposed by Sigurdsson in 1954 for diseases such as
sheep Maedi-Visna, pulmonary adenocarcinoma and paratuberculosis
[86]. Some common features of those diseases are the chronicity (from
long to very long clinical course) and the irregular and unpredictable
time sequence. In these infections, the host immune system is unable to
fully control the pathogen and therefore a long and dubious battle
between aggressor and defender ensues. In the long intervening period
between pathogen entrance into the body and development of clinical
signs, these diseases are active but inducing only minimal pathological
changes that keep the disease at a subclinical level [86]. This could
correspond to a standoff between injury and response caused by an
inability to switch from innate to adaptive immunity [84]. As Si-
gurdsson pointed out [86], realizing that there is a group of slow in-
fections sharing a number of characteristics would help us to recognize
and understand other infections belonging to the same class. According
to this, CRIIDs may be included within the “inflammatory slow infec-
tion” group with a time course varying from weeks to months or even
years, and where the inflammatory component affects primarily the
lymphoid tissues being particularly prominent in the intestinal inter-
phase between host and environment as an infiltrate ranging from
lymphoplasmacytic to histiocytic and always linked to the regional
lymph nodes. In this sense, these infections could be viewed essentially
as diseases of the organized lymphoid tissue, where the real battle takes
place, that have a tropism for a specific port of exit with diffuse lym-
phoid tissue for dissemination.

5. CRIIDs Pathological forms in different species

Since the identification of patterns is a critical step to understand
disease mechanism, here will review the pathological forms observed in
both monogastric and ruminant species affected by CRIIDs in an at-
tempt to see whether or not there are common characteristics
throughout mammal species that could lead to a unified pathological
classification like the one defined for paratuberculosis: focal, multifocal,
diffuse histiocytic, diffuse intermediate and diffuse lymphoplasmacytic
(Table 2, Fig. 1). The individual form presentation in an individual will
depend on the interaction of factors such as time since effective contact
with the agent, individual’s genetic resistance or susceptibility, age at
the time of infection and on previous exposure to the same or other
environmental mycobacteria [84]. In general, CRIIDs are usually clas-
sified as histiocytic or multibacillary and lymphoplasmacytic/lympho-
cytic or paucibacillary according to the composition of the
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Fig. 1. Paratuberculosis unified pathological forms. Cattle,
Haematoxylin-eosin (a, ¢, €, g, i) and Ziehl-Neelsen (b, d, f, h,
j) staining. Focal: a) Isolated granuloma (arrow); single loca-
tion, no gross lesions (bar = 50 microns); b) Only one acid fast
bacillum (AFB) is observed (arrow) within a Langhans giant
cell (bar = 10 microns). Multifocal: ¢) Middle size granuloma
(arrow) mainly consisting of macrophages and lymphocytes;
several locations, no gross changes (bar = 50 microns); d) Few
AFBs (arrows) are observed within Langhans giant cells
(bar = 10 microns). Diffuse histiocytic: e) Inflammatory in-
filtrate formed mainly by macrophages; large areas affected
with thickening of the mucosa, grossly visible (bar = 50 mi-
crons); f) Many AFBs are observed (bar = 20 microns). Diffuse
intermediate: g) The infiltrate contains macrophages, lym-
phocytes and scant Langhans giant cells; large segments of the
intestine affected that grossly appears thickened (bar = 50
microns); h) Moderate number of AFBs (arrows) are observed
inside some Langhans giant cells (bar = 20 microns). Diffuse
lymphoplasmacytic: i) The infiltrate is composed mainly of
lymphocytes that extends through broad areas and is clearly
visible to the naked eye (bar = 50 microns); j) Rare AFBs
(arrows) are observed (bar = 10 microns).
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inflammatory infiltrate and the amount of mycobacteria present in le- 5.1. Monogastric species

sions. In the histiocytic types, macrophages would be the main and

more characteristic cellular type and numerous mycobacteria would be Scientific literature on IBD in monogastric species varies a lot.
present in lesions. In lymphoplasmacytic types, lymphocytes would be Obviously the most abundant corresponds to humans, followed by dogs,
the main cellular type generally associated with few, if any, myco- cats and horses since those are the species that get more medical care.

bacteria (Table 2).
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Rodents are a particular case since rats and mice are often used as
models of human disease.

5.1.1. Humans

IBD in humans includes UC and CD, and is clinically characterized
by both chronic and acute disease states, with periods of improvement,
latency and relapse [87]. Both entities differ in clinical presentation,
distribution of inflamed areas in the gastrointestinal tract, progression
of disease, and response to interventions, either medical or surgical. UC
is almost always confined to the colon and CD may occur in any part of
the gastrointestinal tract from the mouth to the rectum. The histological
features of IBD are those of a chronic active colitis. In the chronic
stages, a lymphoplasmatyc infiltrate can be observed, while in active
stages neutrophils in the lamina propria, epithelium or within crypt lu-
mens are present [21]. In more severe forms, necrosis, ulceration and
inflammatory polyps can be additionally found. In children affected by
UC, inflammatory changes are typically confined to the mucosa,
whereas in CD the inflammatory process may be “focal” with inflamed
areas bordered by normal crypts, or with focal granulomas located in
deep submucosa, lymphoid follicles or lymph nodes [88], resembling
initial or latent stages of paratuberculosis in animals (see ruminant
species section). The presence of an excess of histiocytes, epithelioid
granulomas, pigmented macrophages and a few Langhans giant cells is
also commonly observed in CD patients” affected sections of the intes-
tine [21,88,89].

Acid fast bacilli are not seen in human CRIID, however, MAP iso-
lation or DNA detection has been repeatedly reported. Instead, even
though etiological hypothesis are dominated by autoimmunity, also
include bacteria as Escherichia coli or psicrophyllic species and virus
such as measles or just dysbiosis [59].

5.1.2. Non-human primates

Non-human primates have been used as models of human disease,
and therefore have received considerable medical attention. Both nat-
ural outbreaks of enteritis and experimentally induced inflammatory
disease have been studied. Chronic idiopathic enterocolitis is the
leading cause of natural morbidity in colonies of captive rhesus maca-
ques (Macaca mulatta), and is in part, associated with a variety of en-
teric pathogens such as Campylobacter spp. or Escherichia coli [90].
Chronic inflammation of the colon in rhesus monkeys resembles not
only clinically but also immunologically IBD of a human patient [90].
Histologically, multifocal lymphoplasmacytic inflammation ranging
from mild to moderate in both the small and large bowel is char-
acteristic of this disease [6].

MAP has been involved in some natural cases [91], but a solid and
general hypothesis is missing.

5.1.3. Dog

IBD in dogs is the third most studied type of IBD. Canine phenotypic
IBD disease classifications include lymphoplasmacytic enteritis (LPE),
granulomatous colitis (GC), eosinophilic gastroenteritis, eosinophilic
colitis and neuronal hyperplasia [92-94]. Neither breed nor sex seems
to affect presentation and cases do not seem to follow an infectious
pattern since most dogs taken to clinics live alone in different house-
holds.

LPE is the most frequently described type of IBD in dogs, char-
acterized histologically by infiltration of lymphocytes and plasma cells
in the lamina propria of the small intestine. The etiology remains still
unknown, and immune response dysregulation at local level is con-
sidered the most likely cause [93,95,96]. For GC Escherichia coli has
been proposed as the causative agent [97].

MAP has not been reliably detected in dogs except for a description
of a clinical case of paratuberculosis with positive culture in a single
dog [18]. A re-emerging debate about the link between MAP and CD
has increased awareness of public health concerns about the occurrence
of MAP infections in pets [98]. In 19% of dogs with biopsies indicative
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of IBD with mild degree of inflammation and cellular infiltrate, MAP-
specific DNA was detected [5]. However, as in other species MAP is also
identified in healthy individuals [99]. No other causes beyond auto-
immunity have been postulated.

5.1.4. Cat

Cat IBD has drawn some medical attention because this species is a
common pet. Feline IBD comprises a heterogeneous group of im-
munologically mediated disorders of the digestive tract, commonly
presented as a chronic LPE mainly affecting the small intestine, al-
though also affecting stomach and colon [3,100,101]. Lymphocytic/
plasmacytic infiltrates commonly are limited to the lamina propria in
biopsy specimens from all regions of the gastrointestinal tract.

No specific pathogens have been associated with feline IBD, and the
most common etiological hypothesis are related to autoimmunity or
just considered of an idiopathic origin [100].

5.1.5. Horse and ass

IBD in the horse with histologic similarities to CD in humans was
first reported in 1974 by Cimprich [102]. In this species, different cases
of IBD have been described for which no etiology has been identified.
This would include granulomatous enteritis (GE), multisystemic eosi-
nophilic epitheliotropic disease (MEED), lymphocytic-plasmacytic en-
terocolitis (LPEC) and idiopathic eosinophilic enterocolitis (EC) [4].
Microscopic lesions for GE consists of aggregates of macrophages and
epithelioid cells with occasional giant cell macrophages. LPEC consist
of infiltration of the lamina propria with lymphocytes and plasma cells
and MEED infiltration of mucosa and submucosa with eosinophils,
lymphocytes and macrophages.

The etiology of IBD in horses is unknown and bacterial pathogens
are not consistently cultured from specimens. MAP has been isolated
from one donkey with GE [103] and from a miniature donkey with
massive diffuse granulomatous enteritis involving large quantities of
acid-fast organism mainly in macrophages [104]. Foals experimentally
infected with MAP developed granulomatous enteritis resembling those
of GE in the gut [105].

5.1.6. Rabbit

Rabbit is a domestic species that is bred for meat in large numbers in
some countries. In these systems, digestive diseases are a big hurdle and
a chronic enteritis, mucoid enteritis, is one of the main concerns of the
industry. This disease, however, has very specific features that clearly
differentiates it from the type of chronic enteritis we are dealing with
here. In fact, rabbit is considered a species susceptible to para-
tuberculosis and lesion classifications have been reported for rabbits
with this disease. According to that, there are two lesion classifications
of paratuberculosis in rabbits, one by Beard et al. [15], in which lesions
were divided in mild and severe, and the other one by Maio et al. [106],
in which lesions were classified on the basis of their location, intensity
and inflammatory cell type, and mycobacteria abundance, in four ca-
tegories: focal, multifocal, diffuse multibacillary and diffuse inter-
mediate. Focal lesions were those formed by small, well-demarcated
granulomas, located exclusively in the intestinal lymphoid tissue and in
the mesenteric lymph nodes, and consisting of macrophages and, fre-
quently, lymphocytes and multinucleated Langhans giant cells. Multi-
focal lesions consisted of well-demarcated granulomas in the intestinal
lymphoid tissue and lamina propria with few mycobacteria. Diffuse
multibacillary lesions showed an infiltrate consisting of epitheliod cells,
macrophages, lymphocytes and numerous multinucleated Langhans
giant cells, with large numbers of mycobacteria. In the diffuse inter-
mediate lesions, the infiltrate, however, contained epitheliod cells,
macrophages, lymphocytes and few Langhans giant cells with smaller
numbers of mycobacteria. Paucibacillary diffuse lymphocytic lesions
have not been described in this species.

Rabbit was used early on as an experimental animal for infectious
diseases and made the key contribution to medicine when its use
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demonstrated the infectious nature of tuberculosis [107]. This has
yielded an amount of medical literature on this species and thus, there
are reports on natural and experimental enteritis. Success of this species
in tuberculosis and other infectious diseases research led to some at-
tempts to experimentally reproduce paratuberculosis in this species that
were not rewarded with clear success. The first report on para-
tuberculosis in rabbits was made in Spain in 1987 after isolation of the
agent from wild rabbit pellets [108]. Later, in Scotland, extensive stu-
dies suggested that rabbits play a role in the epidemiology of para-
tuberculosis, acting as a wildlife reservoir for cattle [16]. Naturally
infected rabbits had histopathological changes within the lymph nodes
and intestines compatible with ruminant paratuberculosis, demon-
strating that MAP not only replicates but can also produce disease in
rabbits [13]. A study in wild rabbits in Spain also showed several cases
of paratuberculosis-like intestinal lesions [106], confirming previous
reports of isolation from rabbit feces [108]. A recent review provides
comprehensive information on natural and experimental mycobacterial
infections in rabbit and shows that although clear evidences of infection
can be obtained, typical paratuberculosis cannot be experimentally
reproduced in full in this species [19].

5.1.7. Rat and mouse models

There are no reports on cases of natural CRIIDs in rats and mice.
However, these species have been widely used for experimental studies
of CRIIDs. One of these species advantages is that there are many ex-
perimental genetically modified transgenic animals that are very useful
in examining basic pathogenic mechanisms of disease as well as in
developing and evaluating new types of biological therapies [109].
Characteristic histopathological changes in those animal models in-
clude severe and extensive mucosal ulceration and severe inflammatory
cell infiltration. In general histopathological changes consist of cellular
infiltrates of mixed cells into the mucosa and submucosa, in which
lymphocytes predominate, but also another cells such as neutrophils,
plasma cells and macrophages [109-112]. These models are usually
caused by chemical challenge, the most popular being dextran sulphate
sodium (DSS) and trinitrobenzene sulfonic acid (TNBS), but they only
persist while the irritant persist and fail to elicit a full immune response
[113].

5.1.8. Pig

Pigs suffer a proliferative enteropathy caused by Lawsonia in-
tracellularis which has some clinical similarities to paratuberculosis,
such as diarrhea, anorexia or poor growth, but that can be easily dif-
ferentiated histologically [114,115].

Pigs are frequently infected by M. avium subspecies that seem to be
easily exchanged with humans, i.e. M. avium hominissuis. MAP has been
isolated and identified from pigs and wild boars lymph nodes and feces,
but never has been associated to chronic enteritis [10,116].

5.2. Ruminant species

Most of the literature on chronic regional enteritis in ruminants is
that associated with paratuberculosis with a mean ratio of nearly 9 to 1
[117]. Actually, there are no other chronic regional enteritis in rumi-
nants other than paratuberculosis, with the exception of a terminal
ileitis of lambs [118,119]. The characteristic pathology of para-
tuberculosis led to propose many classifications related to tuberculosis
and leprosy in different attempts to find explanatory patterns for
treatment, prevention or control. Thus, classifications of para-
tuberculosis forms have been described in sheep [38,77,120], goats
[78,121], cattle [22,79,122], red deer [12,123] and fallow deer [11].
The immune response plays an important role in determining the his-
topathological type of paratuberculosis. Whereas paucibacillary types
might be associated with a peripheral cellular immune response, mul-
tibacillary types are associated with a predominantly humoral immune
response [11,22,78,79,124-126]. The lesions in all species have been
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usually classified on the basis of their location, intensity and in-
flammatory cell type, and the amount of mycobacteria in them.

5.2.1. Sheep

Ovine paratuberculosis was first described in 1911 [127]. Stamp
and Watt in 1954 published the first case series with a classification of
paratuberculosis forms into four types according to both the lesion
gross and microscopic features and the bacillary load [120]. Later in
1961 Rajya and Singh classified lesions in three types [128]. But it was
in 1990 when Carrigan and Seaman first introduced in the classification
lesions with a clearly diffuse lymphocytic pattern with very few my-
cobacteria, resembling in severity, in the histopathological character-
istics and in the low or undetectable mycobacteria load to the lesions
described in CD [38]. Six years later, Pérez et al. [77] described small
“tuberculoid” granulomas in the ileocaecal lymphoid tissue (Peyer’s
patches) with no detectable acid-fast bacilli. This type of lesion, also
referred to as a “focal lesion”, was later reported in goats [78], cattle
[79] and fallow deer [11]. A multibacillary form, in which macro-
phages were filled with numerous mycobacteria, was also described in
those species [11,38,77-79,129].

The Pérez et al. classification for sheep paratuberculosis, which has
been the most influential one, included five categories [77]. Type I le-
sions consisted of small granulomas formed by macrophages and were
located exclusively in the ileocaecal Peyer's patch. In type II lesions
granulomas were also observed in the mucosa associated with Peyer's
patches. Type III lesions were characterized by granulomas in areas of
the mucosa both associated and adjacent to the Peyer's patches. Three
subtypes of type III lesions were recognized. In subtype Illa multifocal
granulomas appeared in different areas of the lamina propria. Subtype
IIIb consisted of large numbers of macrophages, widespread in the la-
mina propria; in subtype Illc lymphocytes were the main inflammatory
cell, with some macrophages scattered amongst them. Mycobacteria
could be demonstrated in tissue sections from all the samples with
subtype IIIb lesions and in almost all of those with type II and Illa le-
sions; these organisms were absent or sparse, however, in type I and IIlc
lesions. Gross lesions were clearly visible only in sheep with type IIIb
and IlIc lesions. Control by vaccination is highly successful in some
major sheep industry countries like Spain and Australia.

5.2.2. Goat

Noel-Pillers in 1924 first described paratuberculosis in goats [130]
and forty years later Mohiyuddeen and Malaki described histopatho-
logycally the disease in naturally infected goats [131]. Soon afterwards
a broad classification of its forms in four groups was proposed [121].
Later Corpa et al. [78] divided lesions observed in a large set of goat
paratuberculosis cases into four categories roughly corresponding to
those of sheep, but with some substantial differences. Focal lesions
consisted of small granulomas in the ileocaecal Peyer's patches or re-
lated lamina propria. Diffuse multibacillary lesions consisted of a gran-
ulomatous enteritis, affecting different intestinal sites. Numerous
macrophages containing abundant mycobacteria were present, re-
sulting in gross changes in the normal gut morphology. In diffuse lym-
phocytic lesions, the lymphocyte was the main inflammatory cell, with
some macrophages (containing few if any mycobacteria). In diffuse
mixed lesions the infiltrate consisted of numerous lymphocytes and
macrophages, with small numbers of mycobacteria. The three types of
diffuse lesion were often associated with necrosis in the lymph vessels
of the mucosa, mesentery and lymph nodes, and with greater thick-
ening of the jejunum than of the ileum. Control by vaccination is highly
successful wherever it has been used.

5.2.3. Cattle

The very first ever description of paratuberculosis as we know it was
made by Johne and Frothingham on pathological grounds back in 1895
[7]. Different classifications of paratuberculosis have been proposed for
cattle [79,122], since it was first described. Gonzélez et al. [79] divided
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lesions into five categories. Focal lesions consisted of small granulomas
in the ileal and jejunal lymph nodes or the ileocaecal lymphoid tissue.
In the multifocal type, small granulomas or scattered giant cells ap-
peared in some intestinal villi, as well as in the lymph nodes. Diffuse
multibacillary lesions, associated with severe granulomatous enteritis
affecting different intestinal locations and lymph nodes, were formed
by macrophages containing large numbers of acid-fast bacilli. In diffuse
Lymphocytic lesions, lymphocytes were the main inflammatory cells, with
some macrophages or giant cells containing few if any mycobacteria. In
diffuse intermediate forms, the infiltrate was formed by abundant lym-
phocytes and macrophages, and mycobacteria were present to varying
degrees related to the number of macrophages. Clinical signs and gross
lesions were mainly associated with diffuse forms.

A more recent study proposed to re-group the original im-
munopathological types into two broader paratuberculosis epidemio-
pathogenic forms or states: latent and patent [22]. The former term
would define infections with focal lesions and might constitute an ap-
parent resilience status. The latter would group those cases with mul-
tifocal and diffuse inflammatory lesions with higher mycobacterial load
and viability suggestive of a more immediate epidemiological risk.
Control by vaccination is highly efficient, but is restricted in many
countries and regions because of an over-simplistic fear of interference
with tuberculosis eradication schemes.

5.2.4. Free-ranging deer

There are many descriptions of paratuberculosis in free-ranging
deer worldwide, mainly affecting red deer and fallow deer [132]. Clark
et al. [12,123] classified lesions in red deer in paucibacillary and
multibacillary forms with different degrees of severity. In the 70 s of the
last century, Riemann et al. [133] reported and described para-
tuberculosis in fallow deer in United States. In 2008, the lesions in that
species were divided by Balseiro et al. into four categories - focal,
multifocal, diffuse multibacillary and diffuse intermediate lesions — fol-
lowing the same criteria that those proposed for bovine para-
tuberculosis [11]. Changes were found from the proximal jejunum to
the ileocaecal valve, but lesions were always particularly severe in the
distal jejunum. Paucibacillary diffuse lymphocytic lesions have not been
described in fallow deer. Control by vaccination has been successful
wherever it has been used.

5.2.5. Camelids

The apparent prevalence of paratuberculosis in South-American
camelid populations (llamas, alpacas and guanacos) is low and there
are few histopathological descriptions of the disease [134-136]. How-
ever, there are unpublished reports indicating the disease is important
in dromedaries and that it has required control measures based on
vaccination. Similar to cattle, camelid paratuberculosis infections may
proceed undetected for a prolonged period of time. The major histo-
pathological lesions are extensive infiltration of macrophages, epithe-
lioid cells and lymphocytes into mucosa and submucosa of ileum and of
mesenteric and ileocaecal lymph nodes, containing numerous acid fast
bacilli [136,137]. It has also had some relevance in alpaca herds in
United States, Australia and South America [135,138-140].

5.2.6. Zoo species

Apart from sporadic cases of regional enteritis, paratuberculosis
with similar characteristic of those in domestic ruminants regarding
clinical signs, pathology and MAP detection has been reported in many
zoo ruminant species in which control has been established with the use
of vaccination, which is a highly efficient measure in species where
individual preservation is important and are not subjected to tubercu-
losis control programs based on culling [141].

5.3. General histopathological pattern

This review of CRII literature in different species shows a series of
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shared histopathological features that can be best visualized in a sum-
mary table where upon the more complete framework of para-
tuberculosis in domestic ruminants, CRIIDs from other species can be
aligned (Table 2). Known features (cell composition and extension of
inflammatory lesion) in each species allow fitting their corresponding
CRIID into the different histopathologic forms of paratuberculosis thus
predicting an AFB load in each non-paratuberculosis CRIID and
showing a large number of missing forms. It can be seen that most of the
forms are associated to low numbers of mycobacteria, thus making
likely that their presence can be overlooked. In that context, lack of a
specific causative agent will lead to failing to identify as subclinical
forms those similar to paratuberculosis focal forms where the agent is
present but where minimal histological lesions can be seen. Since these
latent forms might not have drawn pathologists attention, and therefore
might have escaped study, an interesting prediction from this study is
that finding the missing forms would confirm or at least lend additional
support to the hypothesis that etiology would be the same. However,
this prediction on mycobacterial burden seems to fail for the human
histiocytic forms that should show large amounts of mycobacteria if
they were caused by these pathogens. Since it is clear that there are no
reports of high AFB burdens in these forms, it is still possible that some
unknown factors might prevent mycobacteria to display typical acid-
fast staining in human IBD. Actually, this possibility has been addressed
with the hypothesis that MAP in humans is in a wall-deficient form that
would be not acid fast and much more difficult to grow in artificial
media [142]. Anyway, even if etiological considerations are left apart,
we think that the summary presented in Table 2 might become a re-
ference to pathologists for characterizing and classifying histopatholo-
gical lesion description in order to standardize criteria throughout
species and thus to more objectively address both description and un-
derstanding of pathologic mechanisms.

6. Epidemiologic and therapeutic aspects

When looking for hints to etiology, there is further evidence that can
be considered in order to match pathological entities with a recognized
etiology to those without it, in order to eventually verify or falsify the
hypothesis of a common pathogenesis and, thus, a similar etiology.
Some of that evidence can be found looking to the following aspects:

6.1. Geographic distribution

Although some regional differences in prevalence have been pointed
out regarding CD, human CRIID is found everywhere throughout the
world [2] and the same can be said of paratuberculosis. Even though
some countries or regions claim freedom of paratuberculosis, the in-
fection has been found in all continents, latitudes and climates in dif-
ferent species. Although not necessary, if human IBD is caused by MAP,
a route from animals to humans has been clearly established when MAP
has been detected in commercial milk and beef and has also been found
in drinking water [63,64].

6.2. MAP detection

MAP is a difficult to grow mycobacteria and for some time some
sheep strains could not be grown on artificial media [143,144]. There
are also reports of extremely slow growth where colonies were not
observed until after 12 months of incubation. Both growing features
cause strong controversies on the association of MAP with clinical
cases in some species that are further complicated by the finding
of the bacteria on healthy subjects. Modern molecular and im-
munohistochemical (IHC) techniques have not brought clarification to
human CRIID since these methods also fail to detect MAP or any other
specific pathogen in all patients, but have increased the frequency of
healthy individuals with a positive result to MAP [43,44,67,74,75].
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6.3. Immune response

It is estimated that only 25% of paratuberculosis infected cattle can
be detected with specific serological tests [84]. That roughly corre-
sponds with the frequency of patent forms of paratuberculosis, so most
of latent infections do not show any specific response. In humans, there
is evidence throughout the world that IBD patients have increased an-
tibody responses to mycobacterial and more specifically to MAP anti-
gens [44,73,145]. Additionally, CD patients had increased antibody
response against MAP, along with increased basal levels of IFN-g, while
they had decreased MAP-specific IFN-g release compared to healthy
controls and a lower frequency of MAP DNA detection [44].

6.4. Genetic factors

A genetic component has long been suspected as an essential factor
in the pathogenesis of CRIIDs. In humans, several polymorphisms have
been associated with CD [46,57,58,146]. A genome wide study showed
that genes associated to mycobacterial infection susceptibility are in-
volved in CD causation [147]. In ruminant paratuberculosis, until now
only weak associations have been found [22]. However the definition of
epidemiopathogenic forms has led to the proposal of groups of infection
progression risk associating certain combinations of single nucleotide
polymorphisms (SNPs) with epidemiopathogenic forms of para-
tuberculosis [55]. Some of these SNPs (CD209, SLC11A, TLR2) occur on
genes that are the orthologs of those associated with human IBD.

6.5. Therapeutics

Treatment of diseased animals is out of question in the livestock
industry because of the costs and epidemiological risks. In humans,
until recently, IBD treatment relied exclusively on anti-inflammatory
and immunosupressive drugs based on its empirical effects. However it
seems that at least some of those, such as sulfasalazine, have an anti-
MAP effect in vitro which suggests that their anti-inflammatory activity
could be due to the control of mycobacterial (more specifically MAP)
growth [148]. Given the suspected role of infectious bacteria in the
etiology of IBD, antibiotic regimens, some of them following MAP-
specific treatments (rifabutin and clarithromycin), have been used to
treat CD with clinical improvements or remission in numerous studies
[81,149]. Meta-analysis studies of randomized placebo controlled trials
showed benefits from treatment with antibiotic therapies using anti-
mycobacterial combinations (i.e. rifamycin, ciprofloxacin or ma-
tronidazole) which can induce remission in active CD [150].

The pathogenesis course modification caused by paratuberculosis
vaccination suggests that circumvention of blocking at some point in
the immune defense mechanisms might be critical to prevent para-
tuberculosis inflammation and likely its human counterpart. In this
sense, it might be the training effect of mycobacterial antigens what can
cause macrophage function enhancement leading to unspecific control
of both paratuberculosis and other inflammatory processes likely re-
lated to blocking of transition from innate immunity to adaptive spe-
cific immunity [84,151].

7. Conclusion

In this paper we have revised the forms of CRIID in different species
in order to determine whether or not a trans-specific common pattern
for this type of intestinal diseases can be found. In addition, since
causation is a critical point in the knowledge of any disease, we have
examined pathologic, epidemiologic and immunological aspects of the
corresponding disease in ruminants whose etiology is universally ac-
cepted that could apply to human CRIID. Classical infectious causation
is demonstrated by fulfillment of Koch postulates. However, it has been
shown beyond any doubt and even recognized by Koch himself that
these postulates do not hold true for all types of infectious disease
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causation. Precisely, paratuberculosis is one where several of these
postulates are not fulfilled. Therefore, this could be assumed too for
CRIIDs and therefore other causation criteria need to be tested.

In our opinion there are the following criteria that support MAP
causation beyond Koch postulates:

- Clinical and pathological features fit within the same frame as
paratuberculosis.

- There is microbiological evidence, both bacterial and immune, of
the implication of MAP in a similar way as in paratuberculosis
where subclinical carriers amount to about 40% of the healthy po-
pulation.

- The putative agent, MAP, is widespread but of low pathogenicity.

- There are common genetic factors associated to the risk of infection
progression towards disease.

- Treatment with some antiinflamatory drugs has in vitro effect on
MAP which might account for clinical improvement.

All these observations and considerations points out that CRIIDs
might be a particular case of inflammatory slow infection affecting the
environment/organism interface at the intestinal level, and is most
likely caused by the recognized etiological agent — MAP - in animal
species. The common characteristics of CRIIDs that might include them
in the modified slow infection pathogenesis model would be the fol-
lowing: (a) low virulence agent involved, (b) susceptibility linked to
individual genetic factors, (c) intestine as the location of the environ-
ment-organism interphase, (d) prominent macrophagic and lympho-
cytic inflammation as innate local immune response, (e) specific im-
mune response absent or inefficient, (f) onset at early-adulthood with a
high ratio of healthy carriers to cincal cases, and (g) slow clinical
course-wasting to death.

Pathological studies can contribute to confirm common causality by
verifying predictions filling out the gaps, mostly regarding latent and
subclinical forms, related to focal and multifocal pathological forms and
their corresponding agent abundance, in monogastric species (see
Table 2).

If that is the case, an alternative unspecific “trained”-type response
[151] induction at the right time could become an efficient prevention-
treatment rather than current ones exclusively focused on blocking the
inflammatory pathways.
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