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Abstract
Crohn’s disease (CD) is a chronic inflammatory condition that plagues millions all over the world. This debilitating bowel disease can start in early childhood and continue into late adulthood. Signs and symptoms are usually many and multiple tests are often required for the diagnosis and confirmation of this disease. However, little is still understood about the cause(s) of CD. As a result, several theories have been proposed over the years. One theory in particular is that Mycobacterium avium subspecies paratuberculosis (MAP) is intimately linked to the etiology of CD. This fastidious bacterium also known to cause Johne’s disease in cattle has infected the intestines of animals for years. It is believed that due to the thick, waxy cell wall of MAP it is able to survive the process of pasteurization as well as chemical processes seen in irrigation purification systems. Subsequently meat, dairy products and water serve as key vehicles in the transmission of MAP infection to humans (from farm to fork) who have a genetic predisposition, thus leading to the development of CD. The challenges faced in culturing this bacterium from CD are many. Examples include its extreme slow growth, lack of cell wall, low abundance, and its mycobactin dependency. In this review article, data from 60 studies showing the detection and isolation of MAP by PCR and culture techniques have been reviewed. Although this review may not be 100% comprehensive of all studies, clearly the majority of the studies overwhelmingly and definitively support the role of MAP in at least 30%-50% of CD patients. It is very possible that lack of detection of MAP from some CD patients may be due to the absence of MAP role in these patients. The latter statement is conditional on utilization of methodology appropriate for detection of human MAP strains. Ultimately, stratification of CD and inflammatory bowel disease patients for the presence or absence of MAP is necessary for appropriate and effective treatment which may lead to a cure.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Mycobacterium paratuberculosis; Crohn’s disease; Culture; PCR; Johne’s disease; Inflammatory bowel disease

Core tip: The review manuscript describes the past, present and predicted future research accomplishments in the area of Crohn’s disease and Mycobacterium avium subspecies paratuberculosis. This is a highly debated area and Dr. Naser’s thoughts described in this review will fuel interest and discussions in inflammatory bowel disease research. The manuscript has been in preparation for a couple of years and it is of high quality.

Naser SA, Sagramsingh SR, Naser AS, Thanigachalam S. Mycobacterium avium subspecies paratuberculosis causes Crohn’s disease in some inflammatory bowel disease patients. World J Gastroenterol 2014; 20(23): 7403-7415  Available from: URL: http://www.wjgnet.com/1007-9327/full/v20/i23/7403.htm  DOI: http://dx.doi.org/10.3748/wjg.v20.i23.7403

INTRODUCTION

One of the earliest documented descriptions of Crohn’s disease (CD) was described in 1769 by Giovanni Battista, an Italian physician. He described the results of an autopsy of a man who had suffered from chronic bowel movements throughout his life and subsequently died from diarrhea and fever[1]. This may have been the first account of granulomatous inflammatory bowel disease (IBD). Several years later in 1813, Combe and Saunders observed a patient who suffered from an abnormally narrow and thickened ileum[1] and Abercrombie had reported a case in 1828 whereby a patient suffered from an inflamed ileum (ileitis) as well as skip lesions affecting certain segments of the ascending colon and cecum[1]. There were several medical publications made in the 20th century which provided further insight into the characteristics and features of CD. For example, some such cases were reported by Braun (1901), Koch (1903), Lesniowski (1903), Wilmanns (1905), Moynihan (1907), and Proust (1907)[1]. In 1913 a surgeon by the name of Dalziel (1861-1924) had reported the symptoms of several of his patients that closely resembled clinical manifestations in cattle suffering from Johne’s disease[2]. He is credited as being the first scientist to hypothesize that the causative agent of Johne’s disease, Mycobacterium avium subsp. paratuberculosis (MAP), may in fact be responsible for chronic intestinal inflammation observed in the intestines of humans. In 1923 Moschcowitz and Wilensky[3] had reported four cases of young patients suffering from non-specific granulomata of the intestine. In these patients they observed what appeared to be tumor-like masses that were hard, thick, and associated with all four coats of the large intestine which caused stricture of the lumen. Based on these observations it was originally believed that these structural changes were confined to the colon. However, it was found that such lesions could also be located in the small intestine which was later seen in one patient[4]. In fact, it is interesting to note that all four of the patients had a history of appendicitis and appendectomy.

In 1932 acknowledgement of CD as an official medical entity was as a result of an article published by Drs. Burrill Crohn, Leon Ginzburg, and Gordon G. Oppenheimer, who all worked at Mount Sinai Hospital in New York at the time. Their article entitled “Regional ileitis: A Pathological and Clinical Entity” had appeared in the Journal of the American Medical Association in October 1932[5]. The title “Crohn’s disease,” has been coined after Dr. Burrill B. Crohn, a gastroenterologist who presented the above named paper at the annual American Medical Association in May 1932. The study described a disease that exclusively affected the terminal ileum of 14 patients from a pathological and clinical standpoint[5]. The patients were primarily young adults of ages ranging from 17 to 52 years, but only two of them were older than 40 years[5]. It was expressed that this was a moderately acute disease that was associated with inflammation characterized by rapid necrosis throughout the affected tissue, and by inflammation associated with scar tissue[5]. Furthermore, it was indicated that the disease is clinically represented by certain common symptoms similar to ulcerative colitis-fever, diarrhea, and even weight loss[5]. Dr. Crohn et al[5] also witnessed that the ulcers associated with the mucosa were accompanied by a non-uniform connective tissue reaction of the remaining walls of the involved intestine, a process which frequently leads to the narrowing of the lumen of the intestine, and this has been known to be associated with the formation of multiple fistulas. Other physicians reported of similar concurrent observations, but these reports cited the involvement of a number of different parts of the gastrointestinal (GI) tract. For instance, the first case reporting evidence of inflammation present in the colon and not just in the ileum was by Colp in 1934[6]. His report is considered as the first case detailing of ileocolitis which described that this inflammatory process could also extend to the cecum and the ascending colon[6]. In addition, several years later granulomatous lesions were also found in the skin[7]. As a result, it was becoming quickly apparent that CD is a chronic inflammatory disease that can affect any region of the GI tract ranging from the mouth to the anus, the ileum being the most commonly targeted site. In 1938, Penner and Crohn observed that 8 out of 50 analyzed patients suffering from regional ileitis displayed anal fistulae as a possible complication. They were initially unaware that anal and perianal fistulae could present such a complication of ileitis[8]. In 1952, Wells[9] introduced the term segmental colitis while delivering a lecture at the Royal College of Surgeons of England. According to Wells, this condition is associated with the formation of fibrous tissue on the bowel wall leading to its increased thickening as well as the presence of ulcers of the mucosa. These ulcers have a patchy pattern of spreading and are therefore known as “skip lesions”[9]. Most importantly this condition was observed in patients without lesions present in the ileum or jejunum. Wells presumed that segmental colitis is a form of colonic CD, but this was never acknowledged by Crohn himself[9].

At present, research on CD has partitioned it into three categories: inflammatory, obstructive, and fistulating[10]. The inflammatory and obstructive types tend to occur simultaneously and cause obstructions of the bowel due to thickening of the intestinal wall as a result of inflammation. The fistula types are commonly associated with erosion of the bowel walls including perianal fistulas and enteroenteric fistulas[10]. Depending on the locations of these erosions the disease is called Crohn’s or granulomatous colitis if symptoms occur in the large intestine, Crohn’s enteritis if symptoms occur in the small intestine, or Crohn’s ileitis if symptoms occur in the ileum[11]. Furthermore, it has been documented that some patients suffer with inflammation of fat cells under the skin (erythema nodusum), or in large joints (peripheral arthritis)[10]. It is important to note that CD is quite similar to another IBD known as ulcerative colitis (UC). The latter affects only the colon whereas CD can affect any region of the GI tract[12].

WHO IS AFFECTED BY IBD?

Statistical evidence has indicated that the highest prevalence of CD and UC is in North America, northern Europe, and the United Kingdom. These diseases are beginning to rise in southern Europe, Asia, Africa, and Latin America. In fact, as much as 1.4 million persons in the United States and approximately 2.2 million individuals worldwide cope with IBD on a daily basis[13]. However, in one epidemiological study of CD based on ethnicity, it was revealed that CD is least prevalent in African Americans, Asians, and Hispanics. The rate of prevalence for African Americans was 29.8 per 100000, for Hispanics it was 4.1 per 100000, and for Asians it was 5.6 per 100000[14]. It has also been found that the occurrence of IBD is higher in industrialized countries such as North America and Europe vs under developed or developing countries. Therefore, this suggests that the pathogenesis of IBD may be caused by certain environmental factors[15]. This indicates that genetic susceptibility alone cannot account for the prevalence of CD. In addition, the incidence and prevalence of CD is essentially equal among men and women. Unfortunately, CD is a lifelong debilitating disease which can start in early childhood and continue into late adulthood. Most cases of CD are usually reported or initially diagnosed when the patient is in his or her late teens or early twenties. Recent studies have indicated that in the last few decades the number of CD patients diagnosed before the age of 40 years has increased to 80%[16]. This therefore emphasizes the young adult and adolescent age group as a primary target of this disease. Understanding the etiology of CD may facilitate the development of rapid and cost effective methods for disease diagnosis.

DIAGNOSIS OF CD

The most accurate and effective examination for the diagnosis of CD is a full colonoscopy along with intubation of the ileum[17]. This type of endoscopic examination allows the physician to clearly visualize the colon, ileum, and even certain parts of the lower regions of the small intestine. Physicians can also take multiple biopsies of all the segments of the colon as well as the terminal ileum[17]. Dye-based chromoendoscopy is an advanced imaging technique which allows for the visualization of subtle changes in the lining of the intestine. An alternative imaging method that can be utilized is capsule endoscopy, which is usually selected when there is no evidence of stricture or stenosis[18]. Other technology detects inflammation of the distal ileum such as enhanced gadolinium magnetic resonance imaging which has been proven to be very effective in distinguishing between inflammatory diseases of the GI tract, is non-invasive, and does not produce any radiation[19].

WHAT IS THE ETIOLOGY OF CD?

Unfortunately, the etiology or cause(s) of CD are still unknown. However, there have been several theories that have been proposed to explain this phenomenon. For example, the leading theories suggest that CD can be caused by certain environmental factors or by a dysregulated immune response in a genetically susceptible host. Many believe a milieu of environmental factors such as diet and certain infectious agents may trigger this disease. For example, it has been found that a diet of refined sugars, fatty acids, fast foods, and minimal consumption of fruits, vegetables, and fibers can contribute to triggering the disease[20]. Certain foods play a pivotal role in influencing the microbiome composition of the human gut. In fact, a “Westernized” diet is believed to change the microbiological environment such that there is an increased susceptibility for the development of intestinal bowel disease[20]. Some of the infectious causative agents studied in connection with CD include viruses, yeast, and bacteria including Escherichia coli, Listeria monocytogenes, Chlamydia trachomatis, Pseudomonas maltophilia, Bacteroides fragilis, Mycobacterium kansasii, and MAP. Fortunately, it is almost universally accepted that a host genetic predisposition is critical for development of CD[21].

In recent years, the amount of interest and research data in support of a possible infectious etiology for CD has been well noted. More specifically, the forerunner of the proposed infectious causative agents is MAP. However, there are several critics and skeptics who still discredit this theory. Therefore the goal of this review article is to shed light on this current predicament with the intention to further clarify our understanding of the pathogenesis of CD from the perspective of an infectious agent such as MAP.

MAP AND JOHNE’S DISEASE

It was in 1895 when Johne and Frothingham first identified MAP as the causative agent of chronic inflammation in the gut of a cow[22]. Johne’s disease was later coined after Johne for his work in identifying this chronic inflammatory enteric disease in cattle, but this disease has also been observed over the years in several different animals such as sheep, goats, rabbits, monkeys, and even chimpanzees[22]. MAP belongs to the Mycobacterium avium complex (MAC) which consists of at least M. avium and M. intracellulare[23]. Through DNA sequence analysis it is possible to evaluate the similarities and differences among mycobacterial strains. It has been documented that MAP shares certain sequence similarities with other strains of MAC. For example there is a 16S-23S rDNA internal transcribed spacer (ITS) that is approximately a 280 base paired region located on the rRNA operon of mycobacteria[24]. It was found that ITS sequence analysis of MAP taken from 3 different mammalian species-bovine, primate, and human did not indicate much sequence variation between them and in 17 strains of MAC[24]. Thus, the connection between MAP and other mycobacterial strains is observed through this highly conserved sequence similarity. In addition, mycobacteria can be broadly classified as either an environmental or parasitic species on the basis of their epidemiological and pathological nature[25]. Environmental mycobacteria such as the other strains of MAC can be considered as opportunistic bacteria that are found in a variety of habitats. Some of these environments include wet soil, rivers, agricultural slurry, the intestines of birds, ruminants, humans, and even within protists[26,27].

MAP is an obligate parasitic mycobacterium that causes chronic inflammation in the gut of several mammalian species and is considered to have three major genetic differences that serve to separate it from other non-pathogenic MAC. These differences are the presence of an insertion element designated as IS900, the presence of a genetic element known as “GS”, and the presence of a unique MAP gene (hspX) located in a specific genomic region. MAP contains a highly conserved insertion sequence (IS) or IS element referred to as IS900, which is repeatedly found in its genome approximately 15-20 times[28]. IS900 contains 1451 base pairs and harbors neither terminal inverted repeats nor flanking direct repeats normally found in other classical IS elements[28]. As a result, IS900 is grouped in a family of insertion elements that is specifically found in certain microorganisms. Some of these IS elements include IS901 and IS902 found in Mycobacterium avium subsp. silvaticum[29], IS116 present in Streptomyces clavuligerus[30], and IS1110 located in M. avium[31]. It has been documented that the pathogenic nature of several microorganisms has been linked to the presence of IS elements[32]. IS900 is able to take control of the translational machinery of MAP and thereby affects the expression of certain genes. It achieves this task by encoding for a putative transposase of 399 amino acids in size called p43 on one strand[33]. On the complementary strand IS900 encodes for a very unique gene called the hed (host-expression-dependent) gene[34]. This gene is quite unique in that upon entry into the MAP genome it requires a promoter, termination codon, and ribosome binding site (RBS). Previous studies have indicated that IS900 enters the genome of MAP at a specific consensus target sequence such that it is located between the RBS and start codon of the target gene in one specific direction[33]. As a result of this alignment, the hed ORF comes under the control of the mycobacterium host promoter thereby allowing for the translation of the Hed protein[33]. Thus, this is one probable explanation for how the insertion element IS900 may assist in the pathogenic phenotype of MAP compared with the other strains of MAC.

The second major genetic difference between MAP and other mycobacterial strains of MAC is that MAP contains a genetic element designated as “GS”, which contains a low guanosine and cytosine (G + C) content[35]. GS is a 6496 bp element which possesses six genes-gsa, gsbA, gsbB, gsc, gsd, and mpa[36]. In addition, it has been found that the mpa gene of the GS element in MAP is a putative acetyltransferase, and has mpa homologues present in other microorganisms such as oafA and oac of Salmonella typhimurium and Shigella flexneri, respectively[37-39]. Other virulence regions including “pathogenicity islands” or Pais have been reported on MAP chromosome[37] and have been found to be similar to a few protein-coding genes found in Mycobacterium tuberculosis. These protein-coding genes are drrA, drrB, and drrC, are located at Rv2936-Rv2938, and have been commonly associated with the pathogenic phenotype observed in M. tuberculosis[38].

TRANSMISSION OF MAP TO HUMANS THROUGH COW’S MILK

The real concern for the transmission of MAP from cattle to humans is that MAP-infected cows remain asymptomatic in a lengthy subclinical phase[39]. As a result of this, infected cows are not removed and may continue to be harvested for milk and meat, and the spread of MAP can go unnoticed through fecal matters to the rest of the herd[40]. There have been several cases reporting the culture and isolation of MAP from the milk of subclinical or asymptomatic cows[39].

There has been a plethora of documentation about the number of cases in several countries reporting outbreaks of human illness due to improper ‘heat-treated’ milk and dairy products. It has been observed that certain pathogens such as Campylobacter species, Salmonella species, L. monocytogenes, and even Y. enterocolitica have been found in pasteurized milk, powdered milk, and even cheese, thereby contaminating these products and causing human illness[41]. Thus, it is apparent that milk can serve as a means of transmission of these pathogens. Similarly because MAP is found to a large extent in dairy herds and domestic livestock, it can be inferred that it may be present in raw milk. It is assumed that the pasteurization process will destroy any viable pathogens including MAP. However, there have been numerous case studies indicating the thermal-resistant characteristics of MAP thereby enabling its survival after pasteurization. Chiodini and Hermon-Taylor simulated pasteurization methodologies under laboratory conditions as defined by the Public Health Service, US Food and Drug Administration[42]. They performed the high-temperature, short-time (HTST) method of pasteurization in which the milk samples were heated to 72 ℃ for 15 s in accordance with commercial pasteurization techniques[43]. The results indicated that approximately 3%-5% of strains of MAP survived this process. Also, the pasteurization of MAP obtained from human tissues suspended in milk showed to have a higher survival rate (38.7% and 26.2%) than the bovine samples (8.7% and 9.0%)[43]. Grant et al[44] reported that MAP was not completely destroyed after pasteurization if it was already present in the milk at a concentration greater than 104 cfu/mL. In other studies, Sung et al[45] were able to statistically determine the D values for various strains of MAP tested which estimated that MAP can survive HTST pasteurization methods when initially present at a concentration greater than 101 organisms/mL of milk. However, there have been some critics who have dismissed the validity of the previous studies because they claimed that the HTST pasteurization method performed in the laboratory setting cannot simulate commercial pasteurization conditions such as the turbulent flow of milk[44]. For example, Stabel et al[46] challenged the validity of these previous studies and reported that there was no evidence indicating the presence of viable MAP after the performance of HTST pasteurization simulated with an Armfield HTST laboratory pasteurizer. However, Grant et al[44] defended the studies previously performed in the field and criticized the methodology selected by Stabel et al[46]. She indicated that Stabel et al[46]. had frozen and sonicated MAP prior to its addition to raw milk. Grant et al[44] also expressed that MAP will not under normal circumstances naturally undergo such treatments prior to contaminating milk samples. Furthermore, freezing and sonicating MAP will only make it more susceptible to heat shock As already indicated by Richards et al[47] in 1977, freezing (-70 ℃) of bovine fecal samples contaminated with MAP substantially reduced the viability of MAP. Also, it was Sung et al[45] who reported the decreased thermal resistance of declumped MAP cells compared to clumped MAP cells, thereby highlighting the changes caused by the sonication of MAP cells. It is without a doubt that milk can serve as a vehicle for the transmission of MAP from animals to humans through consumption of diary and meat products from infected animals.

PREVALENCE OF MAP IN THE ENVIRONMENT AND IN WATER

One of the major contributors to the spread of MAP in the environment is through the feces of infected cattle. Both subclinically and clinically infected cows excrete massive amounts of MAP through their feces on various pastures and farmlands[48,49]. This is a serious problem because it has already been documented that MAP can persist in the environment for long durations[50]. MAP is capable of surviving in fecal matter and in the soil for up to 12 wk[51]. Muskens et al[52] conducted a study investigating whether infected cattle could transmit MAP to other animals such as sheep grazing on the same pastures. They reported that 20% (10/50) of sheep showed evidence for the presence of MAP in their tissues. Subsequently, MAP can spread and infect other animals which come in contact with infected cattle. Furthermore, the prevalence of MAP in the environment is not only due to infected cattle, but can be due to other infected animals such as rabbits and deer which can also spread MAP abundantly through their feces[53]. Unfortunately, this is only part of the problem. In most cases the cow’s fecal matter is used to make manure which is subsequently distributed across agricultural lands as fertilizer and thus contaminating ground water, rivers, and other surface bodies of water[36]. It will be just a matter of time before the accidental host (human population) is infected with MAP. MAP has been shown to resist chlorine disinfection treatment at concentrations similar to those used to disinfect public drinking water systems[54]. Clearly, it is apparent that water is a very potent vehicle for the transmission of MAP to humans.

MAP CHALLENGES IN THE LABORATORY

From the outset, MAP is an obligate intracellular bacterium which presents multiple challenges in the laboratory with respect to its cultivation from tissue samples from both CD patients and even Johne’s disease in animals. Unfortunately this fastidious bacterium is very slow-growing and often requires the cultures to be incubated for an extended period as much as 16 wk at a time[55]. As a result it has become quite problematic over the years to isolate and culture it through conventional means. Furthermore, MAP has very specific growth requirements which must be met for its survival. For example, this intracellular bacillus is unable to synthesize iron-chelating compounds, and therefore its host must provide iron for MAP to survive. Furthermore, due to its high mycolic content mycobacteria can easily adapt to intracellular growth in macrophages and may even become drug resistant[56]. In addition, MAP in CD assumes a cell-wall deficient spheroplast-like form which complicate culture requirement and void the use of the golden standard Ziehl-Neelsen mycobacterial staining test. For this reason, MAP in its spheroplastic form cannot be identified by light microscopy which adds to the challenges of confirming its presence in a laboratory setting[57]. Due to these difficulties, MAP-specialized scientists looked towards better techniques for the detection and characterization of microorganisms. This led them to the utilization of IS900 polymerase chain reaction (PCR) for the detection of MAP and later on the development of appropriate culture media. Nevertheless, some challenges remain including standardization of the methodology, and most importantly spreading the awareness to clinicians and scientists that standard methodology is not appropriate for the detection of MAP in humans[58].

INVESTIGATING MAP ASSOCIATION WITH CD

It was in 1913, when Dalziel (1861-1924), a surgeon at Glasgow reportedly characterized 13 cases of chronic intestinal enteritis in humans[2]. Upon histological and clinical examination of nine patients, Dalziel specifically noticed that different parts of the gastrointestinal tract were affected: the jejunum, transverse and sigmoid colon, as well as the mid-ileum[2]. He reported that these symptoms closely paralleled clinical findings observed in cattle suffering from Johne’s disease, a chronic inflammatory disease of the gut. As a result, Dalziel speculated that paratuberculosis, the then known causative agent of Johne’s disease, could be a potential etiological agent responsible for the observed symptoms in his patients[2]. It was not until 1932 when Crohn’s disease was first introduced as a clinical entity was it possible to connect the pathological and clinical findings described in CD to Dalziel’s observations in 1913. However, much skepticism and uncertainty persisted with respect to the etiology of Crohn’s disease. Furthermore, confidence in this mycobacterial hypothesis over the years has suffered tremendously due to the substantial difficulty and failure in culturing mycobacteria from CD tissues and the reliance on methodology which were not appropriate for MAP from humans. MAP association with CD theory was revived when Chiodini et al[59] in 1984 reported the isolation of uncharacterized mycobacteria from tissues of three CD patients. They proposed that the bacterium existed in a cell-wall defective form which was later characterized as MAP[60]. Similar results were reported from studies out of David Graham and John Hermon-Taylor laboratories (discussed below). Advancements in cultural techniques and PCR assays unique to MAP by Naser’s team (discussed below) fueled and renewed interest in investigating a possible etiological connection between MAP and CD.

CULTURE OF MAP FROM CD PATIENTS

In this review, data from a total of 23 peer review studies which investigated the presence of MAP in CD specimens using culture techniques were reviewed. As shown in Table 1, the results from 16 (70%) studies supported the association between MAP and CD. Only 7 (30%) studies did not support such association (Table 2). Much of the difficulty in culturing or isolating MAP stems from the fact that this fastidious organism has very specific nutritional requirements and is a very slow growing bacterium[59,61,62]. Culture of MAP in liquid or agar-based media requires weeks to months of laboratory incubation[22]. The presence of MAP in a cell wall-deficient spheroplastic form in humans adds additional challenges to growing it in the laboratory. Many investigators reported the recovery of MAP in a cell wall-deficient form from the tissues of CD patients at a higher occurrence than control groups consisting of non-IBD patients[59,61-72]. Certainly, the advent of PCR, RT-PCR and nested PCR had facilitated the detection of MAP IS900 in cultures from CD patients[53,57,58,64,66,68,69,72]. Table 1 lists a total of 16 studies which strongly support the association between MAP and CD. The development of mycobacterial growth indicator tube (MGIT) sparked a new wave of interest led by Saleh Naser team who supplemented MGIT media with additives essential for survival of cell wall-deficient in vitro and restoration of the cell wall. Consequently, Schwartz et al[62] reported a higher frequency of MAP in CD patients at 37% (10/27) vs healthy controls at 5.6% (2/36). What is truly insightful in this study is the fact that MAP was found at a higher percentage (86%) in surgically resected tissue samples than in tissue biopsies (20%) taken from CD patients[62]. These results alluded to the supposition that MAP may in fact be located below the mucosal layer instead of found on the apical surface area[62]. Naser et al[69] further employed the same culture condition to study whether or not MAP is present in human milk. They reported the presence of MAP in 100% (2/2) of breast milk samples taken from lactating CD mothers who had just given birth, compared to 0% (0/5) of healthy lactating controls. Thus, this study provides critical evidence to support the similarity between Johne’s disease and MAP infection in CD. MAP was later on detected from breast milk from additional CD patients (data not shown). Most interestingly, Naser et al[58] were able to culture viable MAP from the buffy coat of blood sampled from CD patients at a significant percentage 50% (14/28). These intriguing results are further substantiated based on the fact that there was no evidence for the culture of MAP from the blood of the healthy control groups 0% (0/15). Other scientists reported the presence of MAP in 14/33 (42%) bowel-pinch biopsies of CD patients (14/33) compared to 3/33 (9%) non-IBD controls. It was Kirkwood et al[66] who sought to investigate if there was an association between MAP and CD in children who were symptomatic of this disease at an early stage. They revealed that 40% (4/10) of the cultured mucosal biopsies from the CD patients contained viable MAP, whereas 0% (0/4) of the healthy non-IBD controls showed no evidence for the presence of MAP. Consequently, these findings clearly indicate the possible association between MAP and CD, and according to Kirkwood et al[66] these results imply that MAP maybe implicated with the early-onset of CD in children. Sechi et al[57] also reported a particularly strong association between MAP and CD based on their population study which involved the analysis of people in Sardinia diagnosed with and without CD. According to their results it was found that MAP DNA was detected in intestinal mucosal biopsies of approximately 63% (19/30) of CD patients compared to 10.3% (3/29) of control patients.

Contrary to the above data, there have been some studies providing evidence for the dismissal of MAP as a causative agent of CD (Table 2). For example, Parrish et al[73] conducted a study analyzing blood samples taken from 260 individuals who consisted of 130 CD patients and 130 healthy individuals. After culturing MAP, the results revealed that none of the CD patients 0% (0/130) as well as the healthy controls 0% (0/130) showed evidence for the presence of MAP[73]. Only one patient was reported having a positive result by PCR[73]. Due to the fact that MAP and MAP DNA are present in the food chain and the fact that MAP DNA has been detected in the blood of patients with CD and type Ⅰ diabetes mellitus and in less frequency in the blood of healthy controls, most scientists in the field may question the protocol used in this study. In another study, Ricanek et al[74] collected bowel biopsies from 321 individuals, of which 75 of these biopsies were collected from CD patients and 135 were collected from non-IBD patients. After long-term culture of MAP it was reported that only 2.7% (2/75) of CD patients and 1.5% (2/135) of non-IBD patients showed the presence of MAP[74]. Similarly, Kallinowski et al[75] documented the inability to culture MAP from a variety of sources such as stool, sera, and even gut tissue samples. They reported that 0% (0/21) of CD patients and 0% (0/24) of healthy controls had MAP through culture[75]. The results from these studies should not be surprising since MAP is extremely fastidious and requires specialized culture media to grow which is contrary to culture media used in these studies. Other studies which failed to detect MAP in CD have depended on traditional standard methodology designed to culture and detect bacillary MAP from Johne’s disease animals or other Mycobacterium species. It is important that investigators realize that M. avium subspecies paratuberculosis is not the same as M. avium or M. tuberculosis. Moreover, tissue and blood specimens collected from patients with active antibiotic treatment should be used for attempts to culture MAP in the laboratory. Rarely did the studies described in Table 2 allotted to whether the subjects used in their studies had antimicrobial agents prior to submission of the specimens.

DETECTION OF MAP DNA BY PCR

A total of 52 studies investigating MAP DNA in CD have been reviewed. Table 3 lists a total of 27 studies providing evidence in support of MAP association with CD by PCR. On the contrary. Table 4 lists 25 studies which present data in contradiction of MAP-CD association.

One of the studies showing a strong connection between MAP and CD has been performed by Autschbach et al[76]. They reported that a staggering 52% (52/100) of tissue from CD patients were found positive for the presence of MAP DNA compared to only 5% (5/100) of the non-IBD patients. Similarly, Romero et al[77] had examined several surgical tissue samples from 20 individuals by performing nested PCR specific for the IS900 sequence. The results from Naser’s lab indicated that a substantially high percentage 83% (10/12) of CD patients were positive for the presence of MAP, while a much smaller percentage 17% (1/6) of non-IBD patients were positive for MAP[77]. In addition, there was another compelling study conducted by Bull et al[63] in 2003 in John Hermon-Taylor’s laboratory, which presented data in support of MAP as a causative agent for CD. Fresh ileocolonic mucosal biopsies were collected and analyzed for the presence of MAP by the performance of PCR specific for IS900. The results revealed that 92% (34/37) of CD patients were positive for the presence of MAP DNA compared to a significantly diminished number of healthy controls 26% (9/34)[63]. In this same study Bull et al[63] had cultivated MAP using MGIT cultures described by Naser et al[58] and Schwartz et al[62]. After twelve weeks of incubation, PCR was performed with these cultures which again indicated a higher frequency of CD patients 42% (14/33) positive for MAP DNA vs only 9% (3/33) of healthy controls[63]. This data strengthens the support of MAP in connection with CD. Mishina et al[78] analyzed mucosal specimens using RT-PCR for the detection of MAP RNA where they found MAP in 100% (8/8) of CD patients and 0% (0/2) in non-IBD. This study is of particular importance because MAP RNA was amplified (without culture) adding more support to the presence of viable MAP in CD[78].

At the same time, many studies based on PCR techniques have failed to detect MAP DNA in CD and concluded the lack of association between MAP and CD (Table 4). For example, Sasikala et al[79] indicated that 0% (0/93) of CD patients showed the presence of MAP and 0% (0/97) of healthy controls were also negative for the presence of MAP. Similarly, Rowbotham et al[80] reported that none (0/68) of CD patients were positive for the presence of MAP and just 3.8% (1/26) of healthy controls had MAP. Lozano-Leon et al[109] indicated the absence of MAP in the blood of 73 CD patients and 73 healthy controls. Frank and Cook in 1996 also reported the absence of MAP in both CD and control subjects[81]. The investigators in these studies should be commended on their interest to question whether or not MAP is associated with CD, and for including impressive numbers of specimens in their studies. Due to the fact that MAP and MAP DNA are found in the food chain including dairy and meat products as well as in drinking water, it is difficult to accept that MAP or MAP DNA is not detected even accidently in some specimens. The methodology used in many of these studies must have lacked essential steps to recover the low abundance of MAP in CD specimens and must have not been able to reduce the laboratory loss of some MAP or MAP derivatives. Whether the loss of MAP occurred at the specimen collection level or during the analysis, it should be avoided. Tissue specimens must be collected appropriately and adequately from active ulcerated sites. Specimens should be transported promptly and appropriately by avoiding freezing and use of anti-microbial solutions. Blood should be withdrawn into tubes with anticoagulants, transported without freezing, and promptly, to avoid lysis of leukocytes and loss of MAP. DNA extraction conditions should be optimized to recover single MAP genome which is also free from PCR inhibitors such as hemoglobin. Earlier study in our laboratory suggested that MAP from CD patients contained limited IS900 copies compared to bovine MAP strains. Nested PCR consisting of two amplification rounds is necessary for sufficient detection of MAP DNA. For reasons mentioned above and other unknown factors, standard PCR based on a single amplification should not be used for detection of MAP in CD.

CONCLUSION

In this review, data has been presented in the form of tables providing evidence for and against an association between MAP and CD by PCR and culture. It was revealed that MAP can be detected and isolated from the tissues, blood, and milk of many CD patients. Based on this information, MAP is definitively involved in the pathogenesis of some CD cases even though other studies have not acknowledged this association as represented in Tables 2 and 4. It must be emphasized that much of the controversy concerning MAP and CD stems from the inconsistent methodologies that have been used in the detection and isolation of MAP, which have questioned the causal relationship between this bacterium and CD. These observed discrepancies result from the fact that the methods that were designed for the detection of MAP in animals with Johne’s disease are inappropriate for the detection of MAP in humans. Consequently, the need for more sophisticated and optimized methodologies are required so that there can be accurate detection and isolation of MAP in CD patients. One such methodology has been developed in our laboratory, and success has been achieved based on key principles shown in Figure 1. Other factors that may also limit the detection of MAP in clinical samples from some CD patients include the stage of the disease, and prior treatment with antibiotics or drugs with antimicrobial activity. For example, negative detection of MAP in peripheral blood samples could be correlated with a localized intestinal CD compared to cases with advanced disease associated with systemic complications. The latter is most likely to lead to the presence of MAP in circulation.

Finally, it is also worth noting that it is a fact that CD is a syndrome with multifactorial etiology. It is very possible that lack of detection of MAP in clinical samples from some CD patients may be due to the absence of MAP role in these patients. The latter statement is conditional on utilization of methodology appropriate for detection of human MAP strains. Stratification of CD and IBD patients for the presence or absence of MAP is necessary for appropriate and effective treatment which may lead to a cure.
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Figure 1  Schematic illustration of successful Mycobacterium avium subspecies paratuberculosis detection in clinical samples. Coded EDTA blood samples were collected from patients for investigating the presence of Mycobacterium avium subspecies paratuberculosis (MAP). Blood plasma was analyzed by measuring the concentration of anti-MAP IgG antibodies. Peripheral leukocytes were analyzed for the presence of MAP. In the first method, DNA was extracted followed by IS900-based nested polymerase chain reaction (PCR) using MAP-specific primers. In the second method a mycobacterium growth indicator tube (MGIT) liquid culture system with supplements was used to culture MAP lacking cell wall followed by 3 to 6 mo incubation and IS900-based nested PCR analysis.
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Table 4  Studies not supporting mycobacterium avium subspecies paratuberculosis association with Crohn’s disease by polymerase chain reaction  n (%)


Ref.


�
Crohn’s disease


�
Control


�
�
Al-Shamali et al[99]


�
0 (0)


�
0 (0)


�
�
�
0 (0)


�
0 (0)


�
�
Baksh et al[100]


�
0 (0)


�
NP


�
�
Bernstein et al[101]


�
0 (0)


�
     6 (21.4)


�
�
Cellier et al[102]


�
2 (4)


�
  2 (10)


�
�
�
0 (0)


�
0 (0)


�
�
Chiba et al[103]


�
0 (0)


�
0 (0)


�
�
Clarkston et al[83]


�
   1 (4.8)


�
0 (0)


�
�
Dumonceau et al[104]


�
17 (47)


�
13 (57)


�
�
�
0 (0)


�
0 (0)


�
�
Domonceau et al[105]


�
0 (0)


�
0 (0)


�
�
Ellingson et al[106]


�
0 (0)


�
0 (0)


�
�
Frank and Cook[81]


�
0 (0)


�
0 (0)


�
�
Gibson et al[107]


�
0 (0)


�
0 (0)


�
�
Kallinowski et al[75] 


�
0 (0)


�
0 (0)


�
�
Kanazawa et al[108]


�
0 (0) 


�
0 (0)


�
�
Kreuzpaintner et al[85]


�
0 (0)


�
0 (0)


�
�
Lozano-Leon et al[109]


�
0 (0)


�
0 (0)


�
�
Parrish et al[73]


�
0 (0)


�
     1 (0.77)


�
�
Ricanek et al[74]


�
0 (0)


�
     1 (0.28)


�
�
Riggio et al[110]


�
0 (0)


�
0 (0)


�
�
Quirke[21]


�
0 (0)


�
0 (0)


�
�
Rowbotham et al[80]


�
0 (0)


�
   1 (3.8)


�
�
Sasikala et al[79]


�
0 (0)


�
0 (0)


�
�
Suenaga et al[111]


�
  10 (100)


�
   14 (87.5)


�
�
�
  10 (100)


�
   14 (87.5)


�
�
Toracchio et al[112]


�
1 (5)


�
NP


�
�
Tzen et al[113]


�
0 (0)


�
     3 (27.3)


�
�
Wu et al[114]


�
0 (0)


�
NP 


�
�
NP: Not performed.








Table 3  Studies supporting mycobacterium avium subspecies paratuberculosis association with Crohn’s disease by polymerase chain reaction  n (%)


Ref.


�
Crohn’s disease


�
Control 


�
�
Autschbach et al[76]


�
  52 (100)


�
    5 (100)


�
�
Bentley et al[86]


�
 122 (33.8)


�
   43 (21.5)


�
�
Bull et al[63]


�
34 (92)


�
  9 (26)


�
�
�
14 (42)


�
3 (9)


�
�
Collins et al[64]


�
15 (19)


�
   3 (6.3)


�
�
Dell’lsola et al[87]


�
13 (72)


�
     7 (29.2)


�
�
Erasmus et al[88]


�
10 (38)


�
  4 (11)


�
�
Fidler et al[89]


�
     4 (12.9)


�
0 (0)


�
�
Gan et al[90]


�
   17 (47.2)


�
  3 (15)


�
�
Ikonomopoulos et al[91]


�
  7 (35)


�
NP


�
�
Kirkwood et al[66]


�
22 (39)


�
  6 (15)


�
�
�
  8 (16)


�
0 (0)


�
�
Lisby et al[92]


�
11 (46)


�
  3 (11)


�
�
Mendoza et al[67]


�
18 (60)


�
0 (0)


�
�
Mishina et al[78]


�
    8 (100)


�
0 (0)


�
�
Moss et al[68]


�
     6 (33.3)


�
     1 (16.7)


�
�
Murray et al[93]


�
  2 (22)


�
0 (0)


�
�
Naser et al[69]


�
    2 (100)


�
0 (0)


�
�
Naser et al[58]


�
13 (46)


�
  3 (20)


�
�
Romero et al[77]


�
10 (83)


�
  1 (17)


�
�
Ryan et al[94]


�
  6 (50)


�
0 (0)


�
�
Sanderson et al[95]


�
26 (65)


�
     5 (12.5)


�
�
Scanu et al[96]


�
20 (87)


�
  3 (15)


�
�
Sechi et al[57]


�
   25 (83.3)


�
     3 (10.3)


�
�
Singh et al[70]


�
  4 (80)


�
     5 (22.7)


�
�
Singh et al[71] 


�
   28 (96.6)


�
NP


�
�
Tiveljung et al[97]


�
  3 (27)


�
0 (0)


�
�
Tuci et al[98]


�
21 (68)


�
11 (48)


�
�
Wall et al[72]


�
  6 (20)


�
0 (0)


�
�
NP: Not performed.





Table 2  Studies not supporting mycobacterium avium subspecies paratuberculosis association with Crohn’s disease by Culture  n (%)


Ref.


�
Crohn’s disease


�
Control


�
�
Clarkston et al[83] 


�
  0/21 (0)


�
NP


�
�
Dumonceau et al[105]


�
  0/31 (0)


�
  0/22 (0)


�
�
Graham et al[84]


�
       6/19 (31.5)


�
    7/17 (41)


�
�
Kallinowski et al[75]


�
  0/21 (0)


�
  0/24 (0)


�
�
Kreuzpaintner et al[85]


�
  0/23 (0)


�
  0/23 (0)


�
�
Parrish et al[73]


�
0/130 (0)


�
0/130 (0)


�
�
Ricanek et al[74]


�
     2/75 (2.7)


�
   2/135 (1.5)


�
�
NP: Not performed.





Table 1  Studies supporting mycobacterium avium subspecies paratuberculosis association with Crohn’s disease by Culture  n (%)


Study


�
Crohn’s disease 


�
Control


�
�
Bull et al[63]


�
14 (33)


�
  3 (33)


�
�
Chiodini et al[82]


�
16 (26)


�
13 (26)


�
�
Chiodini et al[59]


�
    3 (100)


�
NP 


�
�
Collins et al[64]


�
15 (19)


�
   3 (6.3)


�
�
Gitnick et al[65]


�
     4 (14.8)


�
   1 (1.8)


�
�
Kirkwood et al[66]


�
  4 (40)


�
0 (0)


�
�
Markesich et al[61]


�
12 (50)


�
   1 (7.7)


�
�
Mendoza et al[67]


�
  30 (100)


�
0 (0)


�
�
Moss et al[68]


�
     6 (33.3)


�
     1 (16.7)


�
�
Naser et al[69]


�
    2 (100)


�
0 (0)


�
�
Naser et al[58]


�
14 (50)


�
0 (0)


�
�
Schwartz et al[62]


�
10 (37)


�
   2 (5.6)


�
�
Sechi et al[57]


�
   19 (63.3)


�
     3 (10.3)


�
�
Singh et al[70]


�
  4 (80)


�
     6 (27.3) 


�
�
Singh et al[71]


�
29 (50)


�
     5 (12.5)


�
�
Wall et al[72]


�
  6 (20)


�
0 (0)


�
�
NP: Not performed.








