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Abstract
For decades, Mycobacterium avium subspecies paratuberculosis (MAP) has been linked to the pathogenesis of Crohn’s 
disease. Despite many investigations and research efforts, there remains no clear unifying explanation of its pathogenicity 
to humans. Proponents argue Crohn’s disease shares many identical features with a granulomatous infection in ruminants 
termed Johne’s disease and similarities with ileo-cecal tuberculosis. Both are caused by species within the Mycobacterium 
genus. Sceptics assert that since MAP is found in individuals diagnosed with Crohn’s disease as well as in healthy population 
controls, any association with CD is coincidental. This view is supported by the uncertain response of patients to antimi-
crobial therapy. This report aims to address the controversial aspects of this proposition with information and knowledge 
gathered from several disciplines, including microbiology and veterinary medicine. The authors hope that this discussion will 
stimulate further research aimed at confirming or refuting the contribution of MAP to the pathogenesis of Crohn’s disease 
and ultimately lead to advanced targeted clinical therapies.

Keywords  Mycobacterium avium paratuberculosis · Crohn’s disease · Tuberculosis treatment · Mycobacteria PCR · 
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Introduction

Crohn’s disease is a chronic, inflammatory granulomatous dis-
ease that can affect the entire gastro-intestinal tract. Involving 
the full thickness of the bowel, it is characterized by granulo-
mas in approximately 60% of cases. A recent marked increase 
in the prevalence of the disease, particularly in developing 
nations and in the pediatric population, has generated further 
interest and research into this incurable condition. Although 
no proven etiology exists as of yet, propositions such as auto-
immune, T-cell-mediated immune responses to the resident 

gut flora, and numerous infective agents are among the most 
commonly debated and treated causes. Given the apparent 
similarities to Johne’s disease, a chronic, granulomatous 
enteritis in ruminants caused by Mycobacterium avium sub-
species paratuberculosis (MAP), the suspicion for the past 
120 years is that MAP may be the causative agent of Crohn’s 
disease according to the observations of the Scottish surgeon, 
TK Dalziel [1], and likely illustrated earlier by the Polish sur-
geon Antoni Leśniowski [2] in 1904. Although Dr Burrill 
Crohn commented initially upon its similarities to known 
mycobacterial infections of the gut, such as Mycobacterium 
tuberculosis complex (MTB), particularly in that it was of a 
“granulomatous enteritis” nature [3], the organism was never 
found or isolated; consequently, over time several etiologies 
came to the fore [4]. This conjecture is arguable due to the 
lack of a confirmatory diagnostic assay that implicates MAP 
in active disease. This review addresses common questions 
relating to the involvement of MAP in the pathogenesis of 
Crohn’s disease.
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Mycobacteria

Members of the genus Mycobacterium are microaerophilic 
gram-positive, rod-shaped bacteria that can form a mycolic 
(myco) bacterial cell wall that is lipid and cholesterol 
rich, which often retains acidic stains (acid-fast). Mem-
bers of this genus of Actinobacteria can exist in a myriad 
of forms with three distinct groups recognized: MTB, M. 
leprae, and non-tuberculosis mycobacteria (NTM), which 
includes MAP. These range from behaving as obligate 
parasites to environmental saprophytes with varying rates 
of growth. When infecting humans, mycobacteria have a 
preference for residing within the lysosomes of the mac-
rophage cell cytoplasm, mirroring the preference of myco-
bacteria in the environment where they sequester within 
amoebae in order to survive [5]. MAP, like MTB, employs 
a variety of means to inhibit phago-lysosomal maturation 
that enables persistence within the macrophage [6]. Myco-
bacteria can exist in a number of adaptable forms such as 
extracellular/intracellular, cell wall deficient (CWD—also 
known as spheroplasts/L forms), acid-fast cell walled, and 
endospores. They have a relatively slow to the slowest 
growing rates of all bacterial species, which contributes 
to whether a particular mycobacterium is pathogenic or 
opportunistic (the host–microbe interaction is also an 
important factor [7]). Slower growing organisms are more 
difficult to eradicate due to the majority of treatments tar-
geting active respiration or cell walled forms. There is 
evidence to suggest that zoönotic pathogens may cause 
Crohn’s disease, from the emergence of Johne’s disease in 
animals, where the pathogenic features are well described 
and understood.

A core principle is that an infection cannot be equated 
with pathogenicity. More recent discoveries, particularly 
in relation to the mycobacterial life cycle and of latency, 
strongly suggest the involvement of stealth CWD forms of 
mycobacteria. Further factors include the pathogenicity 
of the bacteria and strain varieties, host immune–microbe 
interaction, macrophage functioning, the influence of the 
gut microbiome, optimal testing and protocols, treatment 
trials, and appropriate antibiotic combination chemother-
apy. Nevertheless, all of these observations require the 
gold standard of reliably and regularly culturing of MAP in 
human samples for confirmation and analysis. Recent dis-
coveries continue to implicate MAP as the initial promoter 
of Crohn’s disease through direct and indirect effects of 
inflammation. Possible indirect consequences of infection 
in a predisposed host are a re-modulation of the gut micro-
biome from a Gram-positive aerobic constituency to a 
Gram-negative, anaerobic environment [8]. The production 
of lipopolysaccharide and other signaling molecules from 
the latter groups of bacteria may also cause extraintestinal 

effects. The gut microbiome may be the common high-
way for a variety of inflammatory “autoimmune” diseases 
that cascade and overlap; it appears that MAP in Crohn’s 
disease is more than a simple direct “cause and effect” 
infective pathology. Indeed, host–microbe interactions are 
essential to phenotypic expression of a disease. Whether 
this is genetic, flora-related (dysbiosis), acquired defects 
(autophagy dysfunction), it is clear that an opportunity is 
presented for MAP to reproduce rather than colonize in 
the host, with persistence dependent on factors such as L 
forms and growth rates.

It is estimated by the World Health Organization that 
one-third of the humanity has been exposed and infected 
with MTB [9], highlighting the widespread distribution 
and infectivity of mycobacteria in the environment. The 
observable characteristics of the genus Mycobacterium are 
diverse, reflecting the environmental and pathogenic func-
tions of certain members. Nevertheless, there are some, 
such as the M. avium complex (MAC), which bridge the 
divide between environmental members and the mycobac-
terial human pathogens MTB and M. leprae. This gradual 
scale of pathogenic potential, from commensal organism to 
opportunistic pathogen to an obligate pathogen, highlights 
the difficulty of assigning pathogenic functions to MAP, 
which is a member of the MAC group. Organisms in this 
cluster are characteristically opportunistically pathogenic. 
As an example, M. avium is seen in both healthy human 
controls although the organism is pathogenic in the pres-
ence of a declining or absent immune response. Detection 
of MTB is considered to be proof of infection in the patient, 
whereas for MAC members it is not so, as they have been 
associated with transient asymptomatic human carriage. 
After 140 years, a consensus being considered is that MAP 
is not a human pathogen in its own right. Characteristics of 
MAP are summarized in Table 1.

In light of the foregoing discussion, the authors have for-
mulated five questions aimed at further understanding the 
involvement pf MAP in Crohn’s pathogenesis.

Five Questions That Require Answers 
Regarding the Involvement of MAP 
in Crohn’s Pathogenesis

1. Why Is There Difficulty and Variability in Studies 
Which Aim to Detect MAP in Crohn’s Patients?

Cell wall-deficient mycobacterial (CWDM) species were 
discovered in the tissue of Crohn’s patients in 1986 [10], 
with subsequent identification of the isolates as a MAP after 
18 months of incubation [11]. Attempts were made to prove, 
by the use of Koch’s postulates (Table 2), the pathogenicity 
of the organism in humans in an attempt to link MAP with 
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Crohn’s disease. This was by using the technical methods 
available at that time. Although further attempts to isolate 
MAP in Crohn’s disease tissue have had less success, the 
cardinal steps to proof of causation were described. These 
included the detection and isolation in culture of the puta-
tive pathogen and the subsequent introduction of the isolate 
into an animal model with induction of a “Crohn’s like” 
syndrome. To date, there have been few research attempts to 
assign causality that have duplicated that path likely due to 
the necessity of culturing the organisms until mycobacterial 
reversion of the CWDM occurs and the CWDM develop a 
cell wall. This necessity conflicted with the evidence that 
cell walled isolates of MAP in Crohn’s were quite rare, mak-
ing it unlikely that cell walled MAP was a pathogen. On the 
contrary, the cell walled and the CWDM variety were rarely 
ever cultured from tissue.

PCR Detection

This inability to culture the target organisms led to the adop-
tion of the surrogate detection method (polymerase chain 
reaction; PCR) in order to detect MAP in tissue. These 
molecular methods are preferred for detecting pathogens 
where culture is difficult with certain caveats. In favor of 
PCR for proof of pathogenicity are its ease to use, timely 
results, lower costs, and relatively high sensitivity and 
specificity of results. There are, however, two problems 
with PCR—false positives and false negatives, which in the 
instance of MTB infection, is a major reason why culture 
accompanies PCR. Culture, the gold standard in MTB diag-
nosis, is also important for the detection of antimicrobial 
resistance, whereas PCR is confirmatory, providing a pre-
liminary indication.

The specific difficulties with reliance on PCR in the 
diagnosis of Crohn’s disease are numerous. It is an unre-
liable surrogate for culture. Despite this, probes to detect 
genes and insertion sequences have been designed in order 
to identify specific sequences within the genome of MAP. 
One sequence, thought to be specific for MAP, is the IS900 
sequence though recent evidence suggests that other myco-
bacteria share this same gene sequence [12]. Although the 
F57 sequence appears to be more specific for MAP [13], in 
comparison with the 15–17 copies per organism observed 
for the IS900 sequence, the F57 gene only has 1 copy per 
organism. Importantly, the numbers of these repetitive 
sequences influence the PCR detection rate, often requir-
ing the more sensitive nested PCR methodology [14]. Many 
research trials comparing the detection rates of MAP using 
PCR in patients with Crohn’s disease versus healthy controls 
[15] observed transient carriage of MAP in healthy controls 
[16], predictable given that members of MAC are opportun-
istic pathogens. Although one investigation was thought to 
have successfully isolated MAP in the majority of Crohn’s 
patients, subsequent investigations by other researchers 
demonstrated difficulties in reproducing the results using 
the same methods [17, 18], inferring that PCR for MAP is 
not reliable on its own due to a lack of disease correlation. 
On the basis of these observations, the utility of PCR for 
MTB diagnosis has been questioned. A study of 293 samples 
of real-time (RT)-PCR for MTB DNA as compared with 
MTB cultures showed that PCR was 100% sensitive and 
38.9% specific having a positive predictive value of 57.2% 
and a negative predictive value of 100% [19]. A systemic 
review and meta-analysis showed that MTB RT-PCR “may 
be better utilized as a rule out, add-on diagnostic test.” [20]. 
Some consider that there is no association between MAP 
and Crohn’s disease, a conjecture supported by abundant 

Table 1   Specific characteristics of MAP

Slowest growing Mycobacteria known—takes 16 weeks to reproduce and > 24 h generation time
Multiple cellular forms, such as acid-fast bacilli with the ability to form spheroplasts or L forms
Strong tendency to form clumps. Important for antibiotic chemotherapy treatment
Resistance to first-line anti-tuberculous drugs, in part due to genes/biofilm. Low cure rates
MAP has been cultured and grown in human blood but took 18 months to do so
Can create dysbiosis of the local (gut) microbiome leading to inflammatory cascades
Disease is a result of host–microbe interaction and immune susceptibility of the host
Infection does not mean disease is expressed but may result in colonization/persistence/latency

Table 2   Koch’s Postulates

The bacteria must be present in every case of the disease
The bacteria must be isolated from the host with the disease and grown in pure culture
The specific disease must be reproduced when a pure culture of the bacteria is inoculated into a healthy susceptible host
The pathogen must be reisolated from the new host and shown to be the same as the originally inoculated pathogen
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circumstantial evidence. Nevertheless, the American Acad-
emy of Microbiology concluded that people with Crohn’s 
disease have a 7:1 odds of having MAP in their blood or 
gut tissues compared with those who do not have Crohn’s 
disease [21]. Therefore, the current issue has progressed now 
to whether MAP causes CD or is an “innocent bystander” 
uninvolved in disease pathogenesis.

Culture

Growing and isolating an organism by culture of infected 
tissue is considered to be the gold standard in detecting 
bacteria [13]. Regarding MAP, the observed difficulties in 
the culture of CWDM forms has been a major obstacle for 
many researchers. The reasons for this are complex but can 
be distilled down to lack of experience with mycobacterial 
microbiological methods, and in developing media capable 
of sustaining growth of CWDM. The same culture methods 
used for Johne’s disease may not guarantee success in the 
cultivation of CWDM in humans. The task of cultivation of 
CWDM, though difficult, has been successfully carried out 
by some researchers albeit by time-consuming and compli-
cated methods. Lacking simple and straightforward methods 
and protocols for routine diagnoses, the proof of pathogenic-
ity of MAP in Crohn’s disease remains obscure and arcane.

2. Has MAP Fulfilled Koch’s Postulates?

In 1876, the eminent German microbiologist Robert Koch 
formulated a set of principles termed “Koch’s postulates” 
designed to assign causality of a disease to bacteria using 
an animal model (Table 2). The principles were first utilized 
for anthrax [22], a common disease of cattle caused by the 
bacterium Bacillus anthracis and subsequently launched the 
field of medical bacteriology [23]. Problems exist though, 
since M. leprae and Helicobacter pylori do not fulfill these 
criteria for causation, yet they are the recognized causes of 
leprosy and peptic ulcer disease, respectively. Even during 
their early use, Koch realized that his postulates could not 
explain the causative links between microorganisms and 
disease in all cases. An example was his acceptance of the 
causative bacteria of cholera (Vibrio cholerae) despite its 
isolation from both sick and healthy people [24]. Although 
researchers have since attempted to apply Koch’s postulates 
to MAP and Crohn’s disease [25], their efforts have largely 

been thwarted due to the protean nature of MAP, which 
exists as a CWD form in humans but is present in rumi-
nants as a cell walled form [26]. Specific genetic factors 
with unique host—microbe interactions are also thought to 
be involved in the pathogenesis of CD. These observations 
are summarized in Table 3.

3. Why Does the Use of Immunosuppressive Therapy 
Not Worsen Crohn’s Disease if It Is Caused by MAP, 
as Is Seen with MTB?

Crohn’s disease patients do not deteriorate when treated with 
immunosuppressives, whereas in MTB infection, deterio-
ration is common. The relative risk for MTB increases up 
to 1.6–25 times with anti-TNF therapy depending on cer-
tain factors [27]. Hence, if Crohn’s disease is similarly the 
result of a mycobacterial infection, such as MAP, then there 
should be similar clinical deterioration instead of a positive 
response in a cohort of patients to anti-TNF therapy. Nev-
ertheless, MTB and MAP do not share the same ability to 
establish disease. There are for example, no cavitary lesions 
in Crohn’s disease that might suggest invariable pathogenic-
ity, as is seen with pulmonary MTB. Practically, the differ-
ence is that MTB is invasive, whereas MAP appears proin-
flammatory (in Crohn’s disease). Both however share the 
same ability to trigger formation of granulomas and T-cell 
responses and as such are the main drivers of inflammation 
in Crohn’s disease and incidentally, are the main protec-
tive mechanism against intracellular pathogens in humans. 
Importantly, drugs displaying several different mechanisms 
of action have historically been utilized for multiple pur-
poses, e.g., hydroxychloroquine for malaria and rheumatoid 
arthritis treatment. Similarly, the immunosuppressive drugs 
used in Crohn’s disease, such as thiopurines and biological 
therapies demonstrate anti-mycobacterial properties [28]. 
Though, infliximab reduces MAP titers in vitro [29], there 
is a suspicion that this may also lead to resistance of the 
organism through environmental pressures [30].

Current immunotherapies are targeted against the over-
expression of cytokines in Crohn’s disease, such as Inter-
leukin (IL)-1, IL-6, and TNF-α, with underexpression of 
other cytokines, such as IL-10. These mirror the known 
immune responses to mycobacteria. TNF-α is essential for 
the clearance of intracellular pathogens and the control of 
mycobacteria via the augmentation of T-cell responses. This 

Table 3   Barriers to the proof that Mycobacteria are pathogenic

There is no animal model for Crohn’s disease that supports an infectious trigger
There is no readily available human isolate of a CWDM from infected Crohn’s tissue available to introduce into an animal
There are no reliable published methods to re-isolate the CWDM from an artificially infected animal
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is through the promotion of macrophage activation and the 
differentiation and phagolysosome formation that optimizes 
CD4 + T-cell immunity; by promoting antigen presentation 
and apoptosis; and cross-priming CD8 + T-cells [31]. The 
inability to clear mycobacteria from macrophages persis-
tently raises TNF-α levels. Furthermore, TNF-α is inhibited 
by induction of IL-10 production, a key virulence factor pro-
duced by mycobacteria [32] in order to create an intracel-
lular sanctuary. This environment is created by down-regu-
lating apoptosis and stimulating the release of soluble TNF 
receptor type 2 from macrophages, which also inactivates 
TNF-α [33]. IL-10 is well studied by MAP investigators, 
since this factor is essential for communication between host 
innate and adaptive immune responses, in particular by mac-
rophages hoping to attract T-cells. Documentation of IL-10 
mediated suppression of interferon gamma (IFN-γ) secre-
tion in peripheral blood of cattle and goats exposed to MAP 
infection enables persistence of MAP within the macrophage 
[34]. The known excesses and deficiencies of cytokines and 
signaling molecules in Crohn’s disease has been compared 
with those observed in MAP infection, revealing similar pat-
terns between the two [35].

Newer small molecule inhibitors currently being intro-
duced as Crohn’s therapies such as pan and gut specific 
Janus kinase (JAK) inhibitors may also target the down-
stream effects of a pathological MAP infection, achieved by 
inhibiting JAK and signal transducer and activator of tran-
scription (STAT)—the JAK-STAT pathway; a hallmark of 
IFN-γ induction, which is classically active in the clearance 
of intracellular pathogens. MAP subverts IFN-γ mediated 
activation of the infected macrophage with subsequent mal-
functioning [36]. There is an inability of the infected host to 
respond to, rather than produce, IFN-γ, hence this factor is 
raised unresponsively [37]. This observation requires future 
confirmation in humans.

4. Why Is the Incidence of Crohn’s Not Higher 
in At‑Risk Subgroups, Such as Veterinarians 
or Farmers?

There are no observable increase in rates among farmers and 
veterinarians, who are regularly exposed to MAP-infected 
cattle. Therefore, environmental exposure appears to not be 
a risk factor for Crohn’s disease due to MAP.

The prevalence of Crohn’s is estimated to be about 
0.3% in developed countries with an average of 320 people 
affected per 100,000 population [37]. Comparatively, sub-
groups who exhibit greater exposure to Johne’s disease show 
only a mild increase of 0.47% in the prevalence of Crohn’s 
disease, with studies reporting no association between the 
exposure to Johne’s disease and the development of Crohn’s 
disease [38]. Indeed, some studies have reported lower rates 
and a reduced mortality from inflammatory bowel diseases 

in farmers and in veterinarians when compared with the gen-
eral population [39, 40]. Therefore, the hypothesis that MAP 
causes Crohn’s disease appears to be erroneous [41].

From a microbiological viewpoint, the risk factor in CD 
for MAP involvement is a defective immune system. When 
coupled with an earlier exposure to the pathogen, the person 
is at a much higher risk of developing Crohn’s disease. With 
human immunodeficiency virus (HIV), patients are at a far 
higher risk of opportunistic infection with M. avium intra-
cellulare (MAC) due to their compromised immune system 
(reduced CD4 + count). It is also evident that Crohn’s, like 
HIV, is an emerging prevalent human disease, unlike other 
“autoimmune” diseases, that demonstrate a constant disease 
rate.

This observation that the incidence of Crohn’s disease is 
increasing indirectly suggests that a significant environmen-
tal risk factor is present. Observing that the rate of Johne’s 
disease is increasing in parallel with Crohn’s disease sup-
ports the hypothesis that Crohn’s is driven by a pre-existing 
genetic susceptibility married to an emerging animal patho-
gen, a hypothesis that can be further explored by knowledge 
of how the organism behaves when causing an inflammatory 
enteritis in cattle herds. Indeed, in all animal species, MAP 
susceptibility is generally age-dependent—with exposure 
at an early age and during the pre-weaning phase essential 
for subsequent disease development [42]. At a point later 
in life of the organism, typically during sexual maturation, 
a phenotypic change occurs, resulting in Johne’s disease 
[43]. Hence, according to this hypothesis, one’s adult occu-
pation should be irrelevant to the incidence of Crohn’s dis-
ease although exposure to cattle early in life should be con-
tributory. Furthermore, the majority of the aforementioned 
studies that compare the incidence of Crohn’s disease with 
livestock exposure are cross sectional since they do not take 
into account exposure to MAP-infected animals only, rather 
including exposure to any and all animals.

Evidence suggests that the younger this exposure occurs 
the greater the chance of controlling the organism [44] with 
exposure to intracellular forms of MAP in early life incur-
ring increased risk versus extracellular forms, which results 
in immune priming. Although with the recent increase in 
incidence in the pediatric demographic, this would conflict, 
but it could suggest other environmental factors are at play, 
with one possibility being an increasing virulence of the 
organism from evolutionary pressures. Another, is the host 
responses are influenced by the effect of dysbiosis, given the 
discoveries of the microbiome on mycobacterial susceptibil-
ity. Research suggests that particular microbial signatures 
within the lung microbiome [45] and even the gut microbi-
ome [46] are associated with the development of pathogenic 
TB infection. Hence, one hypothesis is that the increas-
ing prevalence of westernized diets and lifestyles reduces 
the diversity of resident microbiota [47, 48], including in 
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children [49] and thus contributes to immune susceptibil-
ity and the increasing incidence of Crohn’s disease in this 
population. Since this hypothesis could explain the increas-
ing incidence of Crohn’s disease in the developing world, 
further studies are required in order to link this relationship 
with the epidemiology of Crohn’s disease.

MAP is detectable in rural environments with live MAP 
present in retail pasteurized milk, cheese, raw meat, and in 
domestic water supplies [50–52]. Hence, the prevalence 
of MAP in agriculture and in food and water supplies [53] 
renders difficult the discrimination between neonatal expo-
sure on the farm versus other modes of exposure. As a 
consequence, the identification of a suitable non-exposed 
group is challenging. Perhaps most interesting apropos of 
the observation that breast feeding appears to be protec-
tive against Crohn’s disease, is the identification of MAP in 
retail powdered baby formula [54]. This likely represents the 
most interesting epidemiological comparison since breast-
fed babies have a delayed exposure to MAP and most infant 
formula products are based on bovine milk. Further research 
is required in this area for these observations.

5. If MAP Causes Crohn’s, Why Doesn’t Atypical 
Mycobacterial Antibiotic Therapy (AMAT) Cure 
Crohn’s: Have RCTs Shown that AMAT Is Ineffective?

Background

Effective therapies against pathogens are designed on the 
back of sound knowledge of the target organism, which is 
currently lacking due to challenges in isolating and observ-
ing MAP. A contemporary example of this are the recent 
advancements in the in vitro propagation of hepatitis viruses 
and PCR-based methods for detecting hepatitis C infection, 
which led to extremely effective antiviral therapies [55]. 
Importantly, the difficulties in developing efficacious treat-
ments against Mycobacteria are not only present for MAP. 
Despite a wealth of research into the lifecycle of MTB, cur-
rent gold standard treatment is effective in 81% of cases and 
drops significantly in resistant strains: 55% in multi-drug-
resistant MTB (MDR-TB) and 35% in extensive-drug resist-
ant TB (XDR-TB), respectively [56]. Therefore, applying 
this to MAP [57] explains, in part, the lower-than-expected 
cure rates with antibiotic chemotherapy. Although improved 
and evolved anti-mycobacterial therapy is required, the ina-
bility to culture the organism limits directly targeting organ-
ism-specific mechanisms, knowledge of which are needed 
to develop improved treatments. Alongside resistant strains, 
eradication of CWDM is especially problematic. Currently, 
AMAT is non-curative and the optimum length of treatment 
is unknown.

There are legitimate concerns of arrhythmias from QT 
interval changes/or prolongation, due to the involvement of 

a macrolide (clarithromycin) and a riminophenazine (clo-
fazimine). Nevertheless, an underlying abnormal cardiac 
repolarization is a prerequisite for arrhythmia induction [58] 
and that QT prolongation is unique to the individual and 
is a poor predictor of ventricular arrhythmias [59]. Elec-
trocardiographic monitoring has proven useful to optimize 
pharmacovigilance, identify those at risk from the interac-
tion, and implement effective dosage adjustments. Guidance 
from M. leprae, M. avium and MDR-TB treatment suggest 
long-term regimens of > 18 months are required [60] and 
are safe [61, 62]. The WHO’s International Drug Monitor-
ing Programme reports that ventricular arrhythmia is not a 
common side effect of clofazimine [63] and even more safety 
data will be provided from the important STREAM phase 3 
and Global TB Alliance Phase 2 trials [62]. As mentioned, 
guidance from M. leprae and M. avium treatment suggests 
that long-term regimens of > 18 months are required [58] for 
treatment of MAP. Yet, even the regimens themselves can 
vary substantially in their composition and efficacy, e.g., 
multi-drug therapy (MDT) and fixed duration (FD) therapy 
in leprosy treatment [64]. Despite this, several advance-
ments in MAP treatment have occurred over time; rifabutin 
is now preferred to rifampicin due to its higher intracellular 
concentrations and tissue distribution that are essential for 
targeting intracellular MAP. Furthermore, rifabutin has a 
significantly longer half-life than rifampicin (35 h compared 
with 3.5 h). The higher lipophilicity of rifabutin (100-fold 
higher oil/water partition coefficient than rifampicin) could 
account for this difference alongside having a lower mini-
mum inhibitory concentration (MIC) for most pathogens. 
Compared with rifampicin, rifabutin has a narrower induc-
tion spectrum and 30%–60% weaker CYP3A4 induction 
properties, thus altering its bioavailability and interactions 
with other medications. Furthermore, the previously utilized 
antibiotics isoniazid and pyrazinamide are now thought to 
be ineffective for CWD NTMs such as MAP, due to natu-
ral resistance [65]. Accumulating evidence suggests that a 
spheroplastic phase of MAP (a CWD form) is able to avoid 
antigenic immune recognition by the host, thereby helping 
explain the persistent relapsing nature of Crohn’s disease, if 
the MAP hypothesis is indeed correct. Therefore, in order 
to target the known forms of MAP, it would be advisable to 
use at minimum a 4-drug combination, especially for the 
minimally metabolically active spheroplastic forms.

Data from Completed Clinical Trials

A significant argument against the contribution of MAP to 
Crohn’s pathogenesis has been the lack of cure demonstrated 
with anti-mycobacterial therapy along with the lack of a sig-
nificant p value in one large randomized control trial (RCT) 
of anti-mycobacterial therapy [66]. This study is often cited 
as a basis of evidence for ineffective treatment effects of 
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MAP-active antibiotics as the patients with Crohn’s disease 
were not cured: a primary endpoint of the study. Neverthe-
less, care must be taken on the basis of a limited understand-
ing of the target organism and unreliable detection methods. 
It may be more appropriate to conclude that rather than a 
lack of causation, there was a lack of efficacy in the treat-
ment. In addition to the admissions made by the authors, 
there are several follow-up articles to the study that highlight 
flaws and inaccurate conclusions [67–71]. For a RCT, there 
was no placebo arm since it is considered to be unethical to 
have such a group for Crohn’s patients, thus highlighting 
the flaws of RCTs in real-world practice. Prospective obser-
vational controlled studies are likely to be more clinically 
useful in this situation. Furthermore, the design of the study 
removed without replacement subjects who did not achieve 
clinical remission on prednisolone, rendering it underpow-
ered. The “per protocol” analysis used fluctuating denomi-
nators and inverted criteria from “remission” to “relapse,” 
confusing interpretation while rendering it statistically inva-
lid. Importantly, an “intention-to-treat” reanalysis of the raw 
data demonstrated that AMAT was statistically of benefit for 
inducing and maintaining remission, as published in The 
Lancet [72]. These two studies are summarized in Table 4.

The RHB‑104 Trial

A second large-phase III RCT trial of AMAP, awaiting peer 
review, appears to contain promising data. Although there 
are still limitations with this study, preliminary results have 
shown a statistically significant response in achieving remis-
sion using AMAT; (p < 0.013) as the primary endpoint [73]. 
The MAP US RHB-104 study examined the safety and effi-
cacy of AMAT in 331 moderate-to-severe Crohn’s disease 
cases. Importantly, the AMAT doses used in this study were 
higher than those used previously [74]. The placebo arm 
was given standard immunosuppressive therapy due to the 
ethical considerations governing the control arm. At week 
26, there were more subjects achieving the primary endpoint 
of remission (CDAI < 150) in the treatment arm than in the 
placebo arm (37% vs. 23%, p = 0.007). Furthermore, the late 
induction of remission from week 16 to week 52 was also 
significantly greater than placebo (18% vs. 9%, p = 0.019). 
The week 52 assessment does not represent preservation or 
durability of remission but rather captures the later induction 
of remission. The treatment arm showed a statistically sig-
nificant reduction in biochemical markers of disease (CRP or 

fecal calprotectin) at week 16 (25.9% vs. 9.7%, p = 0.0002), 
24 (21.1% vs. 9.1%, p = 0.0003), and 52 (16.9% vs. 7.9%, 
p = 0.02) alongside an endoscopic response in a subgroup 
of patients. A follow-on RCT has a primary outcome meas-
ure of remission (CDAI < 150) at week 16. Importantly, key 
secondary outcomes include measurement of MAP by PCR 
of blood at baseline and at several timepoints during treat-
ment, measurements not available in the first MAP US study 
[75]. This trial of AMAT was based on previous effective-
ness in several case series and clinical trials reports [76–82] 
and would be an important contributor to the accumulating 
higher quality evidence required to determine the effective-
ness of AMAT. A summary of recent published trials of 
AMAT in the therapy of Crohn’s disease is presented in 
Table 5.

Summary

This review has attempted to acknowledge difficult questions 
regarding the contribution of MAP to Crohn’s disease by 
involving other disciplines and knowledge. Zoönotic dis-
eases are infections that originate in animals and jump spe-
cies barriers to infect other species, including humans, and 
often occur unknowingly. Transmission and infectivity differ 
with the species reservoirs present. The bubonic plague is 
caused by Yersinia pestis from rats and more recently SARS-
CoVID-19 is thought to have originated from bats or pan-
golins [86].

Current management of Crohn’s disease relies on immu-
nosuppression, with AMAT rarely, if ever, offered as a treat-
ment option. Nevertheless, this could be regarded as a lost 
opportunity from a lack of specific mycobacterial knowledge 
and stems from core issues for the lack of progression in 
the treatment and cure of this condition. Specialization and 
reliance on current molecular technology entails a danger 
of neglecting and ignoring organisms for what they are and 
indeed, recognizing that assessment of bacterial behaviors 
could be beyond the current level of knowledge, awareness, 
and technology. The input of infectious diseases, microbi-
ologists, and veterinarians are paramount to explain, present 
different viewpoints, and complement the knowledge base of 
the gastroenterologist. The future involves the essential and 
urgently required discovery of an accurate diagnostic test to 
truly assess the distribution, infectivity, and pathogenicity 
of MAP in Crohn’s patients. Moreover, evolved forms of 

Table 4   Comparative analyses of intention-to-cure [66] versus intention-to-treat [72] clinical trials

Selby et al. [66]: PER PROTOCOL: 16 weeks RX: 67/102 (control 55/111) p = 0.02
52: weeks p = 0.054. 102: weeks p = 0.14
Behr et al. [72]: INTENTION-TO-TREAT: RX: 16 weeks- RX: 67/102 (control 55/111) p value = 0.02
52 weeks: RX: 41/102 (24/111) p < 0.003. 104 weeks: RX: 31/102 (16/111) p < 0.005
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therapy are needed such as optimal AMAT variations, vac-
cines, and phage therapy. Though great strides have been 
made, the true behavior of Mycobacterium avium paratu-
berculosis in humans cannot yet be fully understood or elu-
cidated, though the resolution of this 120-year-old question 
could be close to being answered.
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