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Abstract
Crohn’s disease (CD) is a chronic inflammatory bowel dis-
ease. Research has identified genetic predisposition and 
environmental factors as key elements in the develop-
ment of the disease. However, the precise mechanism 
that initiates immune activation remains undefined. One 
pathway for luminal antigenic molecules to enter the 
sterile lamina propria and activate an immune response 
is via  transcytosis. Transcytosis, although tightly regulat-
ed by the cell, has the potential for transepithelial trans-
port of bacteria and highly antigenic luminal molecules 
whose uncontrolled translocation into the lamina propria 
can be the source of immune activation. Viewed as a 
whole, the evidence suggests that unregulated intesti-
nal epithelial transcytosis is involved in the inappropriate 
presentation of immunogenic luminal macromolecules 
to the intestinal lamina propria. Thus fulfilling the role 
of an early pre-morbid mechanism that can result in 
antigenic overload of the lamina propria and initiate an 
immune response culminating in chronic inflammation 
characteristic of this disease. It is the aim of this paper 
to present evidence implicating enterocyte transcytosis 
in the early etio-pathogenesis of CD.
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INTRODUCTION
Crohn’s disease (CD) is a chronic, lifelong, and unrelenting 
inflammatory bowel disease that mainly strikes young peo-
ple in the prime of  their productive life[1]. There are over 
600 000 individuals with CD in North America, with up to 
40 000 new cases being diagnosed each year, and double 
that amount at risk, based on a monozygotic concordance 
rate of  50%[1-3]. The effects on the patient and their family 
are devastating, with lifelong medication and repeated ab-
dominal surgeries to relieve obstructed bowel, intestinal 
bleeding, or abdominal pain. Studies have shown that the 
age adjusted mortality risk from CD is over 50% greater 
than in the general population[2,4].

Current treatment for CD consists of  inhibiting the im-
mune response with powerful immunosuppressive agents. 
These medications have serious side effects and can even-
tually lose their therapeutic effect[5]. More importantly, 
immunosuppressive agents do not alter the natural his-
tory of  this disease, suggesting that the immune response 
in these individuals is a secondary reaction to an, as yet 
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undiscovered, primary cause, which results in chronic im-
mune activation within the intestinal wall[5,6].

The etiology of  CD is currently unknown. It is gener-
ally attributed to a faulty immune system; however, despite 
decades of  research, no antecedent immune abnormality 
has been identified in these individuals. A closer review of  
pertinent studies reveals that the immediate causal mecha-
nism of  CD may have its origin in a process of  unregulat-
ed transcytosis of  intestinal luminal contents by intestinal 
epithelial cells. 

The data presented in this paper suggests that a pri-
mary inherited cell membrane defect may be responsible 
for the initiation and perpetuation of  a pathological 
transcytotic state, allowing bacteria and other intestinal 
contents to persistently penetrate into the bowel wall and 
initiate a chronic life-long inflammatory response charac-
teristic of  this disease.

The aim of  this paper, therefore, is to present evi-
dence that unregulated intestinal transcytosis may have a 
significant role in the initiation of  CD, and to provide data 
implicating an antecedent cell membrane abnormality as a 
primary inheritable factor capable of  initiating this patho-
logically altered transcytotic state. 

WHAT IS TRANSCYTOSIS?
Transcytosis is the transport of  macromolecules (cargo) 
from one side of  a cell to the other within a vesicular cell 
membrane-bound carrier. Conceptually, transcytosis can 
be divided into three distinct processes; absorption of  
molecules (endocytosis), conveyance of  cargo through 
the cell (transcellular transport), and extrusion of  cargo at 
the other side of  the cell (exocytosis). During endocytosis, 
extracellular macromolecules converge upon the cell as 
a portion of  the plasma membrane is invaginated at the 
point of  contact and pinched off  forming a cytoplasmic 
membrane-bounded vesicle called an endosome, which 
contains the engulfed cargo. Material packaged within the 
endosome may undergo processing by the cell, after which 
the cytoplasmic vesicle can move to the opposite side and 
fuse with the plasma membrane, releasing its contents to 
the extracellular space during the process of  exocytosis 
(Figure 1). 

Cytoplasmic material can also be extruded from the 
cell, forming plasma membrane bound extracellular ves-
icles called exosomes, in a similar, but reverse process, to 
endocytosis[7,8].

Endocytosis is required for a vast amount of  cellular 
functions that are paramount to the survival and wellbe-
ing of  the cell. Internalizing thousands of  molecules, 
and up to five times its surface area per minute, the cell 
membrane is a seething cauldron of  continuous endocy-
totic invaginations involved in the non-stop absorption of  
nutrients and water, in addition to cell surface receptors, 
antigens, cell signaling molecules, protein homeostasis, 
and maintenance of  plasma membrane lipids[9-14].

While inside the cell, the cargo is enclosed in a vesicle 
formed by the invagination of  membrane lipids, called an 

endosome. The endosome can be destined for transport 
to areas within the cell or undergo transcellular transport 
to the opposite side, where fusion with the cell membrane 
results in exocytosis and deposition of  the cargo (in the 
intestinal epithelium) into the lamina propria[15-17]. 

A multitasking membrane machine, the intestinal 
epithelium simultaneously integrates the transcytosis and 
processing of  hundreds of  distinct nutrient molecules 
into the lamina propria, while providing a single cell thick-
ness physical barrier to luminal antigens that maintains 
sub-epithelial sterility, and does so while serving as a non-
stop conveyer belt for the continual migration of  new 
enterocytes to the surface epithelium. 

Despite its highly dynamic physical state, the intestinal 
epithelium is very efficient at preventing translocation of  
luminal antigens into the lamina propria. This efficiency 
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Figure 1  Antigenic exposure (a) of luminal antigens to the immune sys-
tem can occur through either transcellular (through cells)  or paracellular 
(between cells) pathways. Transcellular transport is mediated via transcytosis 
of processed antigen within discrete intracellular vesicles, termed endosomes, 
which are transported from apical to basal membrane prior to undergoing exo-
cytosis, where immune recognition may occur within the lamina propria. Bac-
teria and macromolecules are transported in this fashion as they are too large 
to penetrate the tight intercellular space (paracellular pathway) maintained by 
tight junctional proteins. An immune response (b) can ensue subsequent to an-
tigenic penetration into the lamina propria. Continuous unregulated transcytosis 
of luminal antigens and Mycobacterium avium paratuberculosis (MAP) into the 
lamina propria can initiate a chronic immune reaction. Inhibition of immune 
response (b) with immunosuppressive agents may temporarily restore epithelial 
integrity, but will not prevent transcytosis of luminal antigen, which continues 
upon discontinuation of immunosuppressive therapy. Mitigation of luminal anti-
genic exposure via restrictive diets or parenteral therapy cannot prevent subse-
quent transcytosis and relapse once normal dietary activity is resumed. A three 
pronged approach for acute therapy consisting of: (1) reduction of antigenic 
exposure via temporary dietary restriction; (2) temporary immunosuppression 
to inhibit immune mediated tissue damage and speed epithelial healing; and 
(3) Inhibition of transcytosis via endocytosis blocking agents to prevent future 
immune activation, may offer a therapeutic paradigm on which to base clinical 
decision making. Anti-MAP antibiotics may additionally be utilized to speed 
systemic removal of this bacterium and hasten downregulation of the immune 
response. Limited evidence suggests that inhibition of transcytosis may reduce 
intestinal antigenic exposure sufficiently to allow long term dietary activity with 
minimal restrictions. Maintenance therapy with endocytosis inhibiting agents 
may provide a safe and effective means of inducing long-term remission and 
interrupting the natural history of Crohn’s disease. TNF: Tumor necrosis factor.
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however notwithstanding, the translocation of  intact pro-
teins through the intestinal epithelium has been demon-
strated and cell mechanisms exist for the endocytosis of  
entire bacteria. At least ten mechanistically distinct endo-
cytotic mechanisms have been described, from phagocy-
tosis and macropinocytosis, employed for the absorption 
of  cargo over 500 nm, to clathrin coated pits and caveoli 
mediated endocytosis for smaller particulate macromol-
ecules[9,15,18].

Endocytosis is highly dependent on the composition 
and organization of  the cell membrane and experimentally 
induced changes in membrane properties can alter the cell’
s ability to appropriately engage extracellular particulate 
matter leading to alterations in one or more mechanisms 
of  endocytosis[9,15,19].

This implies that pathological endocytosis of  luminal 
antigenic material (endo cytopathy) may result in tran-
scytotic antigenic overload of  the lamina propria, with 
subsequent immune activation and the establishment of  
a chronic inflammatory state. An endo cytopathic state 
would, in theory, present as an increased permeability of  
the intestinal epithelium prior to the start of  inflammation, 
such as that observed in CD. It is therefore reasonable to 
speculate that an inherited endo cytopathy may be involved 
as an early etiopathogenetic mechanism in CD, with the 
participation of  one or more endocytotic mechanisms 
contributing to the disease process.

The following section examines studies of  early lesions 
of  Crohn’s epithelium for evidence of  endocytopathy.

IS ABERRANT TRANSCYTOSIS 
INVOLVED IN CD?
Transcytosis is a normal endosomal generating process 
that is regulated by the cell. Pathologically triggered, 
unregulated, transcytosis can differ from its normal 
physiological counterpart by an increased endosomal 
generation rate; manifesting as an excess amount of  cel-
lular endosomes when compared to normal cells. Thus, a 
defining characteristic of  unregulated transcytosis can be 
an increased cellular endosomal load. 

This aspect of  cellular function was evaluated by sev-
eral studies, which documented multiple endosomes in 
19 out of  19 cases of  CD. No endosomes were observed 
in six control cases. Nor were they observed in radiation 
ileitis, celiac disease, experimental Yersinia enteritis, or in 
all of  155 cases of  diagnosed ulcerative colitis[20]. Normal 
colonocytes had no visible endosomes.

The cellular location of  endosomes in apical, basal, 
and lateral portions of  the cell suggests a process of  ac-
tive transcytosis. Although diminished exocytosis could 
account for increased endosomes, the presence of  con-
current inflammation suggests ongoing deposition of  an-
tigenic material into the lamina propria, along with active 
exocytosis. The absence of  endosomes in both negative 
and active control groups suggests that the endosomal 
structures observed in all CD study patients are the result 

of  a pathological transcytotic state, triggered by inappro-
priate endocytosis.

A more detailed analysis of  the role of  transcytosis in 
the pathogenesis of  CD was undertaken in a study that 
examined the effects of  autologous infusion of  intesti-
nal contents into the excluded ileum of  three individuals 
who had undergone a resection of  the terminal ileum 
with the creation of  a temporary loop ileostomy. In this 
surgical procedure, the two openings from a bisected loop 
of  ileum are brought through the abdominal wall to the 
surface[21]. After 3-6 mo of  diversion, the patients were 
infused, via a catheter, with 60cc of  ileal effluent (collected 
from the proximal limb) into the distal limb four times 
daily for 7 d. 

Distal ileal biopsies obtained prior to infusion were 
histologically normal without evidence of  inflammation. 
Biopsies obtained 1 d after the last infusion (day eight) 
revealed a moderate increase of  mononuclear cells, eo-
sinophils, and polymorphonuclear cells in the lamina pro-
pria. Neutrophils were also noted in the small vessels and 
epithelium without cryptitis or crypt abscesses. 

Epithelial electron micrographs revealed dilation of  
rough endoplasmic reticulum (ER) and Golgi apparatus 
(GA), in addition to basally located transport vesicles (en-
dosomes). Mitochondria appeared damaged and dilated. 

These ultrastructural changes are characteristic of  bio-
synthesis [i.e. major histocompatibility complexes (MHC) 
peptides] and antigen processing during transcytosis prior 
to presentation of  antigen-MHC complexes on the cell 
surface[17,22]. Basal transport vesicles suggest late endo-
somes prior to exocytosis and exposure of  antigen within 
the lamina propria (Figure 1).

Dilated mitochondria suggests sudden elevated meta-
bolic activity, which is consistent with high ATP demand 
resulting from protein synthesis and the processing of  
a large influx of  antigen by TAP (transporter associated 
peptide) during intracellular conjugation of  processed 
antigen to MHC molecules. This process is estimated to 
consume 50 000 molecules of  ATP per second/cell in 
prokaryotes during normal antigen processing, and is like-
ly to consume more in eukaryotic (human) cells that may 
be undergoing excessive antigenic processing[17,23-25]. The 
appearance of  damaged mitochondria suggests that excess 
reactive oxygen species (i.e. superoxide, hydrogen perox-
ide, and hydroxyl radicals), generated during an acute ex-
cessive demand for ATP, had overwhelmed mitochondrial 
reductive (antioxidant) capacity, with resultant activation 
of  the mitochondrial permeability transition pore leading 
to the observed structural mitochondrial and epithelial cell 
damage. The presence of  minute collections of  lympho-
cytes within the lamina propria (aphthous lesions), which 
are not associated with superficial erosions or lymphoid 
follicles in CD, is compatible with local antigenic presenta-
tion to the lamina propria[26]. 

The above studies suggest that excessive transcytosis 
of  luminal antigens is an early concomitant in the patho-
genesis of  CD intestinal inflammation. However, are 
luminal antigens actually transcytosed in CD and is this 
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transcytosis pathological and able to account for the initia-
tion of  inflammation in CD?

An elegant study designed to evaluate enterocyte tran-
scytosis of  luminal antigens in CD was performed on 
mucosal biopsies taken from ileal mucosa after in-vivo in-
cubation with luminally applied ovalbumin (OVA) in pa-
tients undergoing ileoscopy[27]. The authors found OVA 
associated with MHC within cytoplasmic late endosomes 
(the stage prior to exocytosis) and with exosomes in the 
intercellular space (Figure 1). OVA was also found in the 
lamina propria. Importantly, OVA cytoplasmic trafficking 
and antigen processing showed no qualitative differences 
between CD patients (active disease or histologic remis-
sion) and controls.

This study indicated that a luminal antigen can be tran-
scytosed by intestinal epithelial cells and the intracellular 
antigenic processing in both CD and normal controls is 
qualitatively similar, regardless of  disease state. The ab-
sence of  a significant demonstrable difference between 
normal and CD enterocyte antigenic processing suggests 
that a disorder may exist during the initiation of  transcyto-
sis at the level of  the cell membrane. This is suggested by 
studies documenting multiple endosomes in CD entero-
cytes which were not present in normal controls implying 
a quantitative difference in antigenic transcytosis rather 
than a qualitative one[20].

This interpretation is supported by studies in indi-
viduals undergoing small intestinal allograft transplanta-
tion as a result of  short bowel syndrome subsequent to 
surgery required to treat CD[28]. In a series of  four CD 
patients receiving small intestinal allografts, early char-
acteristic CD lesions were documented in two patients, 
via allograft biopsy, at 3 and 5 wk after transplantation. 
None of  the four transplant recipients developed clinical 
or endoscopic recurrence during the follow-up period of  
20-40 mo. No similar histological findings were observed 
in any of  57 non-CD patients receiving small intestinal 
allografts at this institution.

The appearance of  lamina propria lymphoplasmacy-
tosis and inter-epithelial neutrophil infiltration suggests 
antigenic presentation by the allograft to the recipient’s 
immune system. This would not appear to be the result 
of  aberrant immune processing by allograft tissue, since 
allograft donors are carefully screened prior to transplan-
tation, and studies have documented similar enterocyte 
antigenic processing in both CD and normal controls 
(above). Likewise, there is no indication of  abnormally 
increased intestinal permeability in allograft donors and 
no antecedent immune abnormality has been identified in 
CD to account for this immune reaction in the allografts.

An allograft immune reaction so soon after transplan-
tation suggests a normal constitutive process of  antigen 
presentation to the recipient’s immune system and studies 
have shown the presence of  a constitutive apical inter-
nalization pathway in enterocytes[16,27]. This suggests that 
the allograft immune reaction in CD recipients is due to 
a heightened immune response to normal intestinal anti-
genic presentation as a result of  normal constitutive en-

docytosis in CD individuals hypersensitized as a result of  
previous excessive exposure to intestinal luminal antigens.

Therefore, if  normal antigenic transcytosis from a 
normal transplanted gut can cause characteristic histolog-
ical CD lesions in allograft recipients, then it is reasonable 
to speculate that excessive luminal antigenic exposure 
via unregulated transcytosis may play a significant role in 
early pathogenic events leading to the development of  
CD.

Why individuals with CD may have unregulated trans-
cytosis is examined in the next section.

WHAT CAUSES UNREGULATED 
TRANSCYTOSIS?
The cell membrane is the gateway that mediates all inter-
action with the external environment. This is largely ac-
complished via membrane coated vesicles that constantly 
bud off  from the cell membrane and enter the cytoplasm, 
while others arrive from the cytoplasm and fuse with the 
cell membrane (transcytosis). The composition, integrity, 
and 3-dimensional arrangement of  plasma membrane 
components are crucial to control of  the vesicular fission/
fusion process, which in turn contributes to maintaining 
the composition of  the plasma membrane as vesicles are 
recycled back into the cell membrane[10,15,29]. 

Luminal antigenic sampling by enterocytes depends 
upon a controlled transcytotic antigenic presentation 
to the immune system; therefore, any alteration in the 
composition, properties, or structure of  enterocyte cell 
membranes can have a significant impact on the immu-
nological functionality of  the entire gastrointestinal tract. 
Too little antigenic presentation and the gut cannot fulfill 
its role of  immune surveillance; too much presentation 
can lead to a heightened immune response and chronic 
inflammation[9].

Studies have shown that alterations in cell membrane 
properties can have a profound effect on endocytosis and 
transcytosis. Treatment of  cells with the cell membrane 
intercalating agent phorbol ester can initiate spontaneous 
endocytosis[15,30]. Enhanced endocytosis of  non-targeted 
membrane enzymes has been observed during fat absorp-
tion, suggesting that this physiological process, which 
increases cell membrane fatty acid content, disturbs local 
membrane organization[16,31]. A change in cell membrane 
fatty acid composition can modify membrane properties 
and its interaction with cytosolic proteins involved in en-
docytosis[18].

Analysis of  synthetic liposome transcytosis across cell 
membranes revealed that cell membrane fluidity is the 
most important factor influencing transcytosis, followed 
by surface charge[19]. Other significant cell surface proper-
ties affecting transcytosis, such as lipid composition and 
surface density, have been described by other researchers 
in the field[19]. These studies indicate that biochemical and 
biophysical properties of  cell membranes are major fac-
tors controlling cellular uptake and transcytosis. Combined 
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with data suggesting unregulated intestinal transcytosis in 
CD, it is reasonable to consider the possibility of  entero-
cyte cell membrane abnormalities as a contributing factor 
to unregulated transcytosis in the early pathogenesis of  
CD.

The next section will explore this aspect.

ARE CELL MEMBRANE ABNORMALITIES 
PRESENT IN CD? 
Significant decreases in cell membrane fluidity, in addition 
to disturbances in cell membrane lipid composition, were 
observed in a study conducted on erythrocytes of  indi-
viduals with active and inactive CD[32]. A separate study 
examining the mucosal fatty acid profile in uninvolved 
(never inflamed) colonic mucosa in individuals with CD 
demonstrated altered lipid composition compared to 
healthy controls[33].

Studies regarding cell membrane properties and lipid 
composition in CD are rare. Abnormal lipid profiles in 
uninvolved (never inflamed) colonic mucosa raises the 
possibility of  an antecedent metabolic defect. Erythro-
cyte cell membrane fluidity abnormalities in CD are con-
sistent with the possibility that membrane abnormalities 
may be present in other tissues, including the intestinal 
epithelium, resulting in deleterious effects on enterocyte 
transcytosis. 

Further basic scientific data are necessary to identify 
potential cell membrane abnormalities and their role in 
enterocyte transcytosis. However, if  unregulated trans-
cytosis is involved in the pathogenesis of  CD, then endo-
cytosis blocking agents should have a beneficial therapeu-
tic effect on the clinical parameters and progression of  
disease.

In the next section we evaluate the therapeutic effect 
of  endocytosis blocking agents upon CD.

DO ENDOCYTOSIS BLOCKING AGENTS 
REDUCE INFLAMMATION IN CD?
Therapeutic measures available for the treatment of  CD 
can be divided into three general categories; dietary mea-
sures, antibiotics, and immunosuppressive agents. No 
mechanism of  action employed by these therapeutic inter-
ventions, either singly or in combination, has been proven 
to modify the natural history of  CD. This suggests that an 
unrecognized pathogenetic mechanism is involved in the 
development of  this disease. Clinical reports of  complete 
remission in refractory CD after administration of  non-
conventional agents have been documented. One of  these 
agents, thalidomide, a known endocytosis blocker, has 
been shown to be effective for induction and long term 
maintenance of  remission in both intestinal and extraint-
estinal CD[34-44].

Studies have demonstrated a reduction in inflamma-
tion and inflammatory parameters in CD using the choles-
terol lowering agent atorvastatin[45,46]. These agents inhibit 

the biosynthesis of  cholesterol, a critical membrane lipid 
constituent required for the formation of  endosomal 
vesicles[29]. 

The polyene antibiotic Nystatin, which inhibits en-
docytosis by cholesterol sequestration within cell mem-
branes, has been used in combination therapy to reduce 
inflammatory activity in CD[29,47]. 

Azithromycin, a macrolide antibiotic, was observed 
to markedly inhibit endocytosis and has also been used in 
therapeutic regimens to reduce inflammation in CD[48-50]. 

Macrolide antibiotics, including azithromycin, are con-
sidered among the most effective therapeutic agents for 
the treatment of  CD[51,52]. The rationale for the use of  en-
docytosis blocking agents in CD is to prevent enterocyte 
transcytosis of  luminal antigens into the lamina propria. 
A reduction in intestinal transcytotic antigenic load is also 
consistent with the mucosal healing and decrease in in-
flammatory cytokines, mucosal permeability, and clinical 
disease activity observed with the use of  specific dietary 
exclusion measures in the treatment of  active CD[53-56].

To date, no study has evaluated the effect of  endocy-
tosis blocking agents in the treatment of  CD. The limited 
amount of  data in which therapeutic agents with adjunct 
endocytotic blocking activity show a beneficial effect in 
the treatment of  CD is consistent with the involvement 
of  transcytosis in the pathogenesis of  this disease. Fur-
ther research is required to determine if  specific endo-
cytosis blocking agents are beneficial in the treatment of  
CD.

Certain questions, however, remain unanswered. For 
instance, what is the role of  Mycobacterium avium para-
tuberculosis (MAP), a bacterium that has been uniquely 
associated with CD, and what is the genetic nature of  the 
putative membrane abnormality proposed for CD? 

A transcytosis mechanism for CD suggests answers to 
these questions, which are explored in following section.

THE ROLE OF MAP IN CD?
CD is the result of  a complex interaction between the 
body’s immune system and environmental (luminal) fac-
tors, played out at the gastrointestinal epithelial interface. 
The data presented in this paper suggests that unregu-
lated transcytosis of  luminal antigens plays a significant 
role in the early pathogenesis of  this disease.

The adult mammalian intestinal epithelium is nor-
mally very selective regarding the absorption of  luminal 
molecules, with macromolecules being degraded prior to 
entering the bloodstream. The neonatal intestinal epithe-
lium, however, has a greater capacity for non-selective ab-
sorption, and undergoes a gradual change in permeability 
that restricts the uptake of  macromolecules. This process 
of  decline in intestinal permeability to immunologically 
recognizable molecules is called intestinal closure and, 
for most species, is complete by the end of  the perinatal 
period 1 to 4 wk after birth[16,57,58].

The process of  intestinal closure is age dependent, 
and is accompanied by developmental changes and re-
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modeling in membrane phospholipids, which become a 
potential regulator of  intestinal transport[57]. Thus, altera-
tions in the composition of  cell membrane lipids can al-
ter membrane properties, such as hydrophobicity, molec-
ular structure, and fluidity. These alterations can lead to 
dysfunction of  cell membrane dependent processes, such 
as intestinal epithelial transcytosis resulting in enhanced 
uptake of  immunologically active molecules or luminal 
organisms.

One organism that stands out regarding its associa-
tion with CD is Mycobacterium avium paratuberculosis 
(MAP). Since its initial isolation from CD patients in 
1984, detection studies have shown that up to 95% of  
CD patients harbor this bacterium[59-61]. The association 
with CD is unique to MAP, and has not been described 
for other species of  mycobacteria.

MAP is ubiquitously present in the environment, the 
water supply, and the human food chain[60,62,63]. It infects 
many wild and domesticated animals, including up to 
68% of  milk producing dairy herds in any geographical 
area. Infected animals can develop chronic diarrhea and 
wasting called Johne’s disease[52,64]. Although MAP can be 
acquired from drinking water, contaminated vegetables, 
and aerosol droplets, the principal reservoir of  MAP for 
transmission to humans is the intestinal tract of  infected 
cattle, which serves as a distribution point for dissemina-
tion of  MAP into diary products such as milk, cheese, 
and other dairy by-products[60,63,65].

Studies suggest that, once in the GI tract, the interac-
tion of  MAP with CD patients is specific and not the 
result of  a random generic process[66-69]. In other words, 
once contact is made, unique characteristics inherent 
in both Crohn’s intestinal epithelium and the MAP cell 
wall favor continued adherence and transcytosis into the 
lamina propria, leading to an immune reaction. 

Exposure of  normal human, 12 wk old, fetal intesti-
nal epithelia to MAP revealed almost no internalization 
of  MAP by enterocytes, with uptake limited to goblet 
cells[70]. This is consistent with resistance of  normal hu-
man intestinal epithelium to MAP transcytosis, with a 
transitory gestational permeability effect on goblet cells, 
since oral Crohn’s lesions can appear on stratified squa-
mous gingival mucosa, which is devoid of  both dendritic 
and goblet cells. Goblet cells have not been observed to 
serve as unique foci of  inflammation in early Crohn’s  
lesions[21,71-76]. This suggests that specific inherited cell 
membrane abnormalities in Crohn’s intestinal epithelium 
interact with unique MAP cell wall constituents that are 
not present in other mycobacterial species, conferring 
upon MAP the role of  a transcytosis triggering agent 
when in contact with Crohn’s intestinal epithelium. Once 
processed within intestinal epithelial cells, luminal derived 
antigens are deposited within the lamina propria, which 
evokes an immune response characteristic of  CD. This 
implies a predisposing disease genotype whose phenotyp-
ic expression is associated with cell membrane composi-
tion; a consideration that is further developed below.

WHAT ARE THESE DISTINCTIVE CELL 
WALL COMPONENTS AND WHAT CELL 
WALL PROPERTIES MIGHT ENHANCE 
MAP TRANSCYTOSIS BY CROHN’S 
INTESTINAL EPITHELIUM? 
MAP is unique in having a cell wall that differs signifi-
cantly from that of  other bacteria[77,78]. The cell wall is 
composed of  a thick layer of  extremely hydrophobic lipid 
molecules. Long chain α branched lipids (mycolic acids) 
and species-specific glycopeptidolipids contribute to the 
extreme hydrophobicity of  this organism[77,78]. 

MAP is also highly negatively charged, and studies 
have demonstrated a greater attachment of  MAP to like-
charged particles compared to similarly charged bacteria 
because of  the extreme hydrophobic nature of  the MAP 
cell wall[77]. Additional studies have demonstrated that 
MAP is highly predisposed to surface adherence, being 
the primary colonizers on a variety of  external surfaces, 
the degree of  which varies with the characteristics of  the 
surface material being colonized[79]. 

Thus, the combination of  uniquely strong hydro-
phobicity and high electronegative charge present on the 
MAP outer surface can aid in its adherence to a genetically 
altered Crohn’s intestinal epithelium, facilitating its tran-
scytosis and ultimate dispersal from a negatively charged 
basal surface epithelium into the lamina propria, where an 
immune reaction can ensue[80]. Studies have shown that 
cell surface hydrophobicity may play an important in the 
rate of  internalization of  bacteria[81].

Consequently, MAP can be considered an environ-
mental response modifier that interacts with the biological 
expression (phenotype) of  certain susceptibility genes, 
whose genotype contributes to the composition of  cell 
membranes[82-84]. To be consistent with this interpreta-
tion, alterations in cell membrane function should elicit a 
Crohn’s inflammatory phenotype. This has been observed 
with epidemiological studies linking the ingestion of  as-
pirin, a nonsteroidal anti-inflammatory drug (NSAID) 
with increased risk of  developing CD[85]. Aspirin, which is 
strongly lipophilic, binds to, and accumulates within, cell 
membranes altering their microviscosity, molecular struc-
ture, physical state, and biological function[86,87]. Aspirin, 
and other NSAIDs, have also been demonstrated to in-
duce disorders of  cell membrane lipid assembly, as well as 
rearrangements in membrane protein patterns[88,89]. 

NSAID-induced enteropathy is reported to have close 
similarities to CD and is not infrequently reported by the 
pathologist as consistent with CD[90,91]. NSAID-induced 
alterations in model cell membranes provoke membrane 
fusion, suggesting the possibility that pre-existing cell 
membrane anomalies may also contribute to the high oc-
currence of  intestinal fistulas in CD[92]. NSAIDs increase 
the risk of  developing de-novo CD, induce an enteropathy 
that can be histologically indistinguishable from CD, and 
alter cell membrane properties known to be involved in 
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transcytosis (fluidity, viscosity, composition). It is reason-
able, therefore, to speculate that the genetic predisposition 
in CD is an inherited membrane abnormality that gives rise 
to unregulated enterocyte transcytosis, which ultimately 
leads to chronic intestinal inflammation.

IF A CELL MEMBRANE ABNORMALITY 
DOES EXIST IN CD; IS THERE ANY 
EVIDENCE THAT MIGHT PROVIDE SOME 
IDENTIFYING CHARACTERISTICS FOR A 
CANDIDATE GENE? 
It has been known for some time that smoking increases 
the risk of  developing CD, and will worsen existing dis-
ease[93,94]. A clue to a potential underlying mechanism is 
the clinical observation of  significant disease worsening 
above a threshold of  10-15 cigarettes per day[93,95]. A phe-
notypic threshold effect is characteristic of  mitochondrial 
involvement in disease pathogenesis[96,97].

Smoking has been documented to cause considerable 
mitochondrial dysfunction, with up to 80% inhibition of  
electron transport chain activity and significant decreases 
in ATP production and availability[98-105]. Conversely, smok-
ing cessation is associated with both normalization of  
mitochondrial function and clinical improvement in CD 
activity, suggesting a cause and effect relationship between 
mitochondrial bioenergetics and CD severity[93,95,106]. This 
unveils the possibility that an energy (ATP)-requiring en-
zyme participating in a cell membrane lipid biosynthetic 
pathway may be involved in CD pathogenesis.

A candidate enzyme fulfilling these criteria is long 
chain acyl Co-A fatty acid synthetase isoform 6 (ACSL6, 
E.C.6.2.1.3). The gene for this enzyme is located on 5q31, 
which has been designated as IBD susceptibility locus 5 
(IBD5)[107-109].

These isoenzymes, located on the peroxisomal surface 
membrane, have a crucial role in plasma membrane phos-
pholipid turnover, de novo lipid biosynthesis, fatty acid ca-
tabolism, and remodeling of  biological membranes. They 
also use ATP to convert fatty acids into an activated form 
that can be incorporated into cell membranes[110-116]. 

Studies have shown a decrease in peroxisomal frequency 
in Crohn’s mucosal biopsies[117]. This suggests a mechanism 
in which a genetically dysfunctional or depleted ACSL6 
enzyme may be further compromised by smoking-induced 
depletion of  ATP, leading to cell membrane abnormalities 
that can enhance transcytosis of  luminal antigens, result-
ing in development or worsening of  the disease.

Smoking, however, does not affect all individuals 
with CD[93]. This suggests the involvement of  other, 
non-ATP-requiring enzymes involved in cell membrane 
biogenesis, such as LPCAT2 (Lysophosphatidylcholine 
acyltransferase2, E.C. 2.3.1.67)[118]. The gene for this en-
zyme is located on 16q12, which has been designated IBD 
susceptibility locus 1 (IBD1); a locus that also contains 
the NOD2/CARD15 gene, which has been linked to CD. 

LPCAT2 is involved in the biosynthesis of  membrane lip-
ids, suggesting the possibility of  membrane abnormalities 
as a result of  a compromised LPCAT2 enzyme, that may 
disrupt cell membrane properties regulating transcytosis 
leading to enhanced antigen deposition in the intestinal 
lamina propria and a chronic immune reaction[119].

Finally, studies demonstrating that up to 50% of  healthy 
individuals harbor MAP in their blood suggest a spectrum 
of  intestinal mucosal affinity for MAP, in addition to 
variations in MAP exposure and interindividual immune 
response, as determining factors contributing to disease 
development and severity (Figure 1)[120,121].

CONCLUSION
Evidence presented in this paper provides a reasonable 
basis for the premise that unregulated transcytosis may 
be fundamentally involved in the development and early 
pathogenesis of  CD. Unregulated transcytosis is compat-
ible with the repeated clinical observation that mucosal 
healing does not alter the fundamental disorder present 
within the intestinal epithelium, leading to disease relapse 
upon discontinuation of  treatment[5,122]. Present at birth, 
a genetic predisposition towards unregulated transcytosis 
(transcellular defect) can increase local concentrations of  
inflammatory cytokines that are known to trigger tight 
junctional barrier (paracellular) defects, which have been 
reported in CD patients and healthy first-degree rela-
tives[123]. The presence of  MAP in a significant percentage 
of  mucosal biopsies and blood of  children with CD is 
consistent with an inherited congenital mucosal anomaly 
favoring mucosal adherence and transcytosis of  MAP[124].

Within this pathogenetic chronology, the immune-
mediated paracellular permeability defect present in CD 
arises as a consequence of  a primary inherited pathological 
transcellular transport of  luminal antigens, resulting in a 
vicious cycle of  paracellular antigenic overload, which is 
exacerbated by continuous unregulated transcytosis of  im-
munogenic luminal macromolecules. Increased intestinal 
permeability to polyethylene glycol (a transcellular perme-
ability probe) has been demonstrated in CD[125-128].

Supporting this interpretation is a report of  prodro-
mal symptoms, including fever, occurring from 7-10 years 
prior to a diagnosis of  CD in almost 28% of  29 patients 
enrolled in a questionnaire based study. In contrast, none 
of  the 15 ulcerative colitis patients enrolled in the study 
reported fever occurring prior to diagnosis[129]. 

This is compatible with a continuous stream of  tran-
scytosed immunogenic macromolecules resulting in sys-
temic subclinical immune activation. Unregulated trans-
cytosis is also consistent with other studies that implicated 
an inherent cell membrane permeability defect indepen-
dent of  inflammation[130,131].

Since the term “natural history” was introduced for 
CD in 1965, there has been no hard evidence for change 
in disease outcome[4,6]. The urgent need for a natural-
history modifying therapy remains a priority. Although 
immune-mediated tissue damage is clearly evident, in a 
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complex condition such as CD it may not be what you 
see when you look, but how you look at what you see that 
provides the answer. 
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