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Mycobacterium avium Invades the Intestinal Mucosa Primarily
by Interacting with Enterocytes
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Previous studies have demonstrated that Mycobacterium avium can invade intestinal epithelial cells both in
vitro and in vivo. When given to mice orally, M. avium preferentially interacts with the intestinal mucosa at the
terminal ileum. We evaluated the mechanism(s) of M. avium binding and invasion of the intestinal mucosa
using three different systems: (i) electron microscopy following administration of M. avium into an intestinal
loop in mice, (ii) quantitative comparison of the bacterial load in Peyer’s patch areas of the terminal ileum
versus areas that do not contain Peyer’s patches, and (iii) investigation of the ability of M. avium to cause
disseminated infection following oral administration using B-cell-deficient mice, lacking Peyer’s patches, in
comparison with C57BL/6 black mice. By all approaches, M. avium was found to invade the intestinal mucosa
by interacting primarily with enterocytes and not with M cells.

The advent of AIDS made it clear that infections caused by
Mycobacterium avium are acquired primarily by the gastroin-
testinal route (6, 12). Although a respiratory route of infection
(by aerosol) has also been identified (17), the fact that M.
avium is an environmental organism, adapted to live in water
and soil, makes oral ingestion the most likely manner in which
the host would come into contact with the bacterium (7, 16). In
patients with AIDS and disseminated M. avium infection, a
large number of organisms are found in the intestinal mucosa
and submucosa sometime prior to the identification of bacte-
remia, suggesting that intestinal colonization precedes the on-
set of systemic infection (30).

Using a model of oral infection in healthy mice, we deter-
mined that 100% of the mice given M. avium orally developed
disseminated disease (2). Furthermore, M. avium, when given
orally, preferentially colonizes the terminal ileum and ascend-
ing colon among all intestinal segments (2). Studies in vitro
have shown that M. avium can invade intestinal and respiratory
epithelial cells and that the invasion is more efficient when the
bacterium is incubated at 37 than at 33°C prior to the assay (3).
M. avium is significantly more efficient in entering epithelial
cells when grown to the logarithmic phase than when grown to
stationary phase (3). In addition, M. avium, when exposed to
conditions that mimic the intestinal environment, such as low
oxygen tension and hyperosmolarity, prior to incubation with
intestinal epithelial cells, can invade intestinal epithelial cells
with increased efficiency (1).

It has been demonstrated elsewhere for a number of enteric
pathogens that M cells in the Peyer’s patches are the portal
of entry into the mucosa (5, 10, 14, 18). A few organisms,
however, such as Listeria monocytogenes, preferentially use en-

terocytes to enter the intestinal mucosa (28). Work with two
mycobacterial species, Mycobacterium bovis BCG and Myco-
bacterium paratuberculosis, has shown that both bacteria cross
the intestinal mucosa primarily by invading M cells (9, 24).

Little is known about the manner in which M. avium inter-
acts with the intestinal mucosa in the host and specifically
whether M cells are the mucosal target for bacterial entry.
Therefore, we sought to examine if M cells play any role in the
uptake of M. avium, by using three approaches, i.e., the intes-
tinal loop model, oral infection in immunocompetent mice,
and oral infection of B-cell-deficient mice that lack Peyer’s
patches and M cells (11).

MATERIALS AND METHODS

Bacteria. M. avium strain 101 (serovar 1) and strain 104 (serovar 1) were
isolated from the blood of patients with AIDS. Bacteria were cultured in Middle-
brook agar 7H10 medium (Difco Laboratories, Detroit, Mich.), supplemented
with oleic acid, albumin, dextrose, and catalase (OADC; Difco), for 10 days at
37°C. Morphologically similar transparent colonies (107) of M. avium were trans-
ferred to 7H9 broth and cultured for 5 days as previously described (logarithmic-
phase growth). The culture was shaken twice daily in order to obtain a homo-
geneous population of bacteria. Before infection of animals, the bacterial
suspension was harvested and vortex agitated for 2 min to disperse possible
clumps. The top half of the suspension was removed and stained with Ziehl-
Neelsen stain to determine the degree of dispersion of bacteria. Bacteria were
plated onto 7H10 agar plates before each experiment to determine the number
of CFU in the inoculum.

Mice. Pathogen-free C57BL/6J black mice used in these experiments (female,
8 to 10 weeks old, weighing an average of 25 g) were obtained from the Jackson
Laboratory (Bar Harbor, Maine) and used after 1 to 2 weeks of quarantine.
C57BL/6J B-cell-deficient mice (immunoglobulin H6 negative, 8 to 10 weeks old,
and 25 g) were purchased from the Jackson Laboratory and used after 1 week of
quarantine. These animals have been shown previously to lack Peyer’s patches
and M cells (11). For the experiments in which it was necessary to identify
intestinal segments with Peyer’s patches, 10- and 12-week-old mice were used.
All experiments were performed according to the guidelines of the Institute’s
Animal Care Use Committee.

Invasion assay in vivo. To determine M. avium binding to the intestinal
mucosa in vivo, we adapted a loop model based on a model originally described
for Giardia muris (26). C57BL/6 black mice were anesthetized using intra-
peritoneal administration of phenobarbital and ether in aerosol. Mice were
maintained under profound anesthesia during the whole procedure. Following
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anesthesia, the abdominal cavity was carefully opened, and an approximately
3-cm-long segment of the small intestine, above the ileocecal area, was identified.
A suture line was tied at both segment ends of the intestine, enough to close the
intestinal lumen but not to interfere with blood flow. A suspension containing
approximately 107 bacteria in Hanks’ buffered salt solution (HBSS) was injected
into the proximal portion of the isolated intestinal segment. Animals were main-
tained alive for 1, 2, and 3 h depending on the experiment, after which the
intestinal segment was removed, opened longitudinally, and rinsed extensively in
HBSS to remove unbound and weakly bound bacteria. Formed feces were never
observed in the terminal ileum segment of the intestines. The removed intestine
was placed in 5 ml of 7H9 broth with 20% glycerol and homogenized using a
sterile glass homogenizer. The suspension was then serially diluted in 7H9 broth
before being plated onto 7H11 agar containing antibiotics (polymyxin B, 5 mg/ml;

amphotericin B, 4.5 mg/ml; carbenicillin, 22 mg/ml; and trimethoprim, 2.0 mg/ml)
to inhibit intestinal biota, for quantitation of viable organisms associated with
intestinal mucosa-submucosa. Plates were cultured for 20 days at 37°C in humid
air. The CFU per gram of tissue was calculated as follows: CFU per gram of
tissue 5 (average CFU per plate 3 dilution factor 3 5 ml)/intestinal segment
weight.

Peyer’s patch areas versus non-Peyer’s patch areas. To examine if M. avium
enters the intestinal mucosa preferentially at the Peyer’s patches or by invading
enterocytes in a region without Peyer’s patches (or both), we used two ap-
proaches. In the first approach, C57BL/6 mice were given M. avium (108 bacte-
ria) orally, and 1, 4, 24, and 48 h later, the mice (eight mice per experimental
group and time point) were sacrificed; the abdomen was opened; and four
segments each of 1 cm in length comprising a region with Peyer’s patches and

FIG. 1. Binding and invasion of the mouse intestinal mucosa by M. avium. (A) Interaction with an enterocyte 1 h after administration
(arrowhead); (B and C) effacement of the mucosa (arrowhead) and alteration of actin-based microvilli (C); (D) M. avium seen inside vacuoles
(arrowhead) once within the cell 2 h following administration; (E) M. avium entering the mucosa in an intestinal crypt. Bacteria were observed
intracellularly 2 h after administration (arrowheads).
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four segments of intestine comprising a region without Peyer’s patches were
obtained, opened longitudinally, washed, homogenized, and plated onto 7H10
agar plates to determine the number of bacteria in the mucosa. In the second
approach, we used C57BL/6J wild-type (WT) and C57BL/6J B-cell-deficient mice
(Jackson Laboratory). These mice have recently been shown to lack Peyer’s
patches in the terminal ileum of intestine, and therefore they do not possess M
cells. Mice were infected with 104 bacteria orally, and at 2 days, 1 week, and 3
weeks, the terminal ileum and spleen were harvested and plated to quantitate the
bacterial load. As a control, we used Salmonella enterica serovar Typhimurium
(known to invade the intestinal mucosa through Peyer’s patches; 104 bacteria)
and harvested the mice at 4 and 24 h after oral infection. Salmonella was plated
on Luria-Bertani agar.

Electron microscopy. M. avium (strain 101) was inoculated into the intestinal
loop as described above, and at several time points an intestinal segment was
obtained, cut longitudinally, and extensively washed in HBSS. Control mice had
the intestinal loop injected with HBSS, but not with bacteria. The intestinal
segment was cut into small pieces and fixed in ice-cold 1% glutaraldehyde in
phosphate buffer for 1 h. The small segments were immersed in 1% OsO4 for 1 h
at room temperature, dehydrated through 50 and 80% ethyl alcohol at room
temperature, embedded in L.R. White resin, and polymerized at 52°C. Thin
sections were cut and stained with uranyl acetate and lead citrate. Electron
micrographs were made with a transmission electron microscope. Sections from
intestines of approximately 25 mice were examined.

Statistical analysis. The comparison among the experimental groups was
evaluated for statistical significance by using Student’s t test.

RESULTS

Intestinal loop model. To determine whether M. avium
would enter the intestinal mucosa by invading M cells in the
terminal ileum, we used the intestinal loop technique and
injected M. avium into the loop. At 1, 2, and 3 h, the intestinal
segment was removed and the number of bacteria associated
with it was determined. M. avium strains 101 and 104 became
associated with the intestine in a time-related manner. While
at 1 h approximately 7% of the inoculum invaded the mucosa,
at 3 h the number of bacteria associated with the intestinal

mucosa increased to approximately 45% of the inoculum (Ta-
ble 1).

Electron microscopic analysis indicated that M. avium inter-
acts with enterocytes, and only rarely was M. avium observed
invading M cells (Fig. 1A). It was also observed that, in the
great majority of the enterocytes (.80%), M. avium binding
was associated with effacement of the intestinal mucosa (Fig.
1B and C). Once within the intestinal mucosal cells, M. avium
was always observed to reside within intracytoplasmic vacuoles
(Fig. 1D). Figure 1E shows that M. avium can also invade the
intestinal mucosa in the crypts (and not only the villi), and in
this case, the bacteria are encountered intracellularly within
vacuoles (Fig. 1E).

Preferential site of invasion. Previous work demonstrated
that, following ingestion, M. avium organisms preferentially
invaded the intestinal mucosa of the terminal ileum (2). To
evaluate the accuracy of the observation obtained by electron
microscopy suggesting that M. avium enters the intestinal mu-
cosa by interacting primarily with enterocytes, C57BL/6J black
mice were given 108 bacteria orally (M. avium strain 104) and

TABLE 1. Abilities of M. avium strains to invade the intestinal
mucosa in an intestinal loop

Bacterial
strain

% of the inoculum inside the mucosa over timea

1 h 2 h 3 h

101 6.8 6 0.3 35 6 7 46 6 10
104 7.1 6 0.2 42 6 11 51 6 0

a Bacteria (107) were injected into the intestinal segment and allowed to
invade for 1, 2, and 3 h as described in Materials and Methods. The numbers
represent the mean percentages (6 standard deviations) of the inoculum per
gram of tissue that was cultured from the intestinal wall.

FIG. 1—Continued.
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the terminal ileum was harvested after 1, 4, 24, and 48 h. The
intestinal segment was then cut into regions with Peyer’s
patches and regions without Peyer’s patches. Quantitation of
the bacteria in the intestinal segments showed that at all time
points the number of bacteria in non-Peyer’s patch regions was
approximately 100-fold greater than that in Peyer’s patch seg-
ments. Also, the CFU data for Peyer’s patch regions infected
with M. avium are represented by only one or two mice out of
eight per group. No mycobacteria were detected in the other
M. avium-infected mice. Of note was the observation that, after
an initial peak in the number of bacteria associated with the
intestinal tract at 1 h postingestion, the number of organisms
remained constant up to 48 h (Table 2).

Infection of B-cell-deficient mice. Recent work has indicated
that B-cell-deficient mice do not contain Peyer’s patches (11).
To examine whether the absence of Peyer’s patches and M
cells would influence the uptake of M. avium by the intestinal
mucosa and consequently the number of organisms in the
spleen, C57BL/6J WT and C57BL/6J B-cell-deficient mice
were infected orally, and at different time points the bacteria in
the terminal ileum and spleen were quantified. Infection with
S. enterica serovar Typhimurium was used as the control for
invasion by M cells. The results showed that the numbers of M.
avium organisms per gram of tissue were approximately the
same in both C57BL/6J WT and B-cell-deficient mice, indicat-
ing that the absence of M cells has no impact on the ability of
the bacterium to translocate (Table 3). In contrast, when S.
enterica serovar Typhimurium was used, the absence of Peyer’s
patches resulted in a significant decrease in the number of
bacteria invading the intestinal mucosa (Table 4).

Figure 2 shows a transmission electron micrograph of the
intestine of a C57BL/6J B-cell-deficient mouse with M. avium
at the host cell surface causing effacement.

DISCUSSION

We have presented evidence using three different ap-
proaches (electron microscopy, culture of specific sites in the
intestine that do or do not contain Peyer’s patches, and oral
challenge of B-cell-deficient mice) that M. avium, in contrast to
S. enterica serovar Typhimurium, invades the intestinal mucosa
by targeting enterocytes and not M cells. This observation

contrasts with data obtained with other mycobacteria. For ex-
ample, M. bovis BCG has been shown elsewhere to interact
with Peyer’s patch tissue following oral infection (9). In addi-
tion, M. paratuberculosis invasion of the intestinal tract has
been associated with M cells (24). More recently, M. tubercu-
losis was shown to translocate the bronchial mucosa by enter-
ing M cells, although this observation could not be extrapo-
lated in regard to possible intestinal invasion mechanisms of M.
tuberculosis (36). These characteristics of M. bovis BCG might
be associated with the inability to cause infection through the
intestinal route, since this organism would be transported to
submucosal macrophages following M-cell translocation and
very likely eliminated or suppressed. It is certainly an impor-
tant question whether virulent M. bovis uses the same path to
cross the intestinal barrier in cattle.

Enteropathogens interact with the intestinal mucosa in many
ways, but M cells have been shown elsewhere to be the target
for Yersinia pseudotuberculosis (although it also invades entero-
cytes), S. enterica serovar Typhimurium, and Shigella flexneri (8,
10, 19, 27). The fact that M. avium invades the intestinal mu-
cosa primarily through enterocytes may have evolutionary im-
plications and is likely to be important for the pathogenesis of
the infection. One of the evolutionary aspects to be considered
is why M. avium, but not Mycobacterium intracellulare, is effi-
cient in crossing the intestinal mucosal barrier (N. Hsu, J. R.
Goodman, L. S. Young, and L. E. Bermudez, Abstr. 36th
Intersci. Conf. Antimicrob. Agents Chemother., abstr. B25, p.

TABLE 2. Interaction between M. avium and the intestinal mucosa
in the terminal ileum: Peyer’s patch regions versus

non-Peyer’s patch regions

Time (h)
after oral
infection

CFU/g of tissuea

Peyer’s patch region Non-Peyer’s patch region

0 0b 0b

1 (4.5 6 0.3) 3 102d (1.1 6 0.4) 3 104b,f

4 (1.0 6 0.1) 3 101d (1.5 6 0.3) 3 103c,f

24 (2.7 6 0.4) 3 101e (3.2 6 0.3) 3 103c,f

48 (1.8 6 0.3) 3 101e (2.1 6 0.6) 3 103c,f

a Four mice were used per experimental group and per experiment (two
similar experiments were performed). The results represent numbers of bacteria
per four segments of intestine per mouse in eight mice.

b Eight out of eight mice.
c Seven out of eight mice. Bacteria were not detected in one mouse.
d Two out of eight mice. In the other six mice, bacteria were not detected.
e One out of eight mice. No bacteria were detected in the other seven mice.
f P , 0.05 compared with the number of bacteria in Peyer’s patches.

TABLE 3. Numbers of M. avium bacteria in the spleen and
terminal ileum of C57BL/6 WT and B-cell-deficient mice

C57BL/6Ja Time point
CFU/g of tissueb

Spleen Terminal ileum

WT 2 days (1.5 6 0.1) 3 103 (1.9 6 0.3) 3 103

WT 1 wk (4.1 6 1.1) 3 104 (4.4 6 0.3) 3 103

WT 3 wk (1.3 6 0.2) 3 105 (9.0 6 0.2) 3 104

B-cell KO 2 days (6.0 6 0.8) 3 103 (9.7 6 0.2) 3 102

B-cell KO 1 wk (4.7 6 0.2) 3 104 (3.5 6 0.3) 3 103

B-cell KO 3 wk (7.8 6 0.2) 3 104 (8.1 6 0.6) 3 104

a Seven mice were used per time point, in each of two experiments. B-cell KO,
B-cell-deficient mice.

b The numbers represent means 6 standard deviations. P , 0.05 for all
comparisons.

TABLE 4. Numbers of Salmonella bacteria in the spleen and
terminal ileum of C57BL/6J WT and B-cell-deficient mice

C57BL/6J micea Time
point (h)

CFU/g of tissueb

Spleen Terminal ileum

WT 4 (3.2 6 0.4) 3 104c (5.3 6 0.6) 3 105c

WT 24 (4.9 6 0.3) 3 103c (6.3 6 0.4) 3 101

B-cell KO 4 Undetectable (4.2 6 0.3) 3 101

B-cell KO 24 (1.4 6 0.2) 3 101 (2.9 6 0.1) 3 101

a Five mice were used per time point, per experiment. Two experiments were
performed. B-cell KO, B-cell-deficient mice.

b The numbers represent means 6 standard deviations.
c P , 0.05 for the comparison of the number of bacteria between WT mice and

B-cell-deficient mice.
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26, 1996). We are currently attempting to characterize genomic
differences between these two organisms to better understand
the difference in pathogenesis.

Another important aspect is the question of virulence. One
hypothesis is that M. avium, which appears to have less intrinsic
virulence than M. tuberculosis, evolved to follow an entry path
that would delay the exposure of the bacterium to the immune
system of the host. All the evidence so far agrees with this
hypothesis. For example, a previous study by our laboratory
(20) has shown that oral-gastrointestinal infection by M. avium
in mice is not accompanied by the inflammatory response until
approximately 1 week after infection. This finding suggests that
the bacterium may initially hide from the immune system of
the host within the epithelial cell. In addition, we showed that
infection of intestinal epithelial cells in vitro with M. avium
does not trigger chemokine production and that M. avium
infection suppresses Salmonella-triggered interleukin-8 pro-
duction by epithelial cells (33). A similar observation was made
using a central nervous system model of M. avium infection in
mice, in which invasion of the brain parenchyma is not accom-
panied by an inflammatory response (37) and the mice with M.
avium infection in the brain can live for long periods without
any apparent symptoms (37). In line with this hypothesis, after

2 to 3 days inside intestinal epithelial cells, M. avium is capable
of expressing an invasive phenotype that enhances the ability
of the bacterium to enter macrophages and survive intracellu-
larly (31).

M. avium entry into the intestinal mucosa was observed to be
associated with effacement. Several other organisms, such as
enteropathogenic Escherichia coli (EPEC), enterohemorrhagic
E. coli, Citrobacter rodentium, Hafnia alvei, and Helicobacter
pylori, have been shown previously to induce attachment-ef-
facement of the epithelial cell upon contact (4, 23, 35). EPEC
does not enter the host cell (26), and the fate of H. pylori is still
arguable (13). Effacement triggered by EPEC is dependent on
the presence of EspA, EspB, and EspD, and mutation in each
of those factors prevents adhering-effacing lesion formation
(25). Whether M. avium-induced effacement is needed to un-
cover the epithelial cell membrane and expose the cell mem-
brane receptor(s) is a possibility currently being investigated.

In the process of invasion, alteration of the actin was ob-
served, confirming previous in vitro data (3, 22, 29). The bac-
teria were always observed to be inside cytoplasmic vacuoles,
supporting findings in different model systems (31, 32).

Although not much is currently known about the M. avium
adhesins, a recent study by Labo and colleagues that se-
quenced a large region of the M. avium genome has identified
two genes (invA and invB) with homology to the p60 invasion
protein of L. monocytogenes (21). Furthermore, work by Hess
and colleagues suggests that the p60-dependent entry of Lis-
teria into the mucosa occurs through the enterocyte, which
would support a role for the p60 homolog in the binding of M.
avium to the intestinal mucosa (15). Another putative adhesin,
a fibronectin attaching protein, has been characterized for M.
avium and other mycobacteria (34). This adhesin binds inte-
grin and is expected to connect the bacterium to the b1 inte-
grin receptor. Because b1 integrin is present only on M cells in
the intestinal tract, this mechanism should not be involved in
the invasion of enterocytes.

More recently, we have identified several genes that appear
to participate in intestinal epithelial cell invasion, though fu-
ture confirmation in an animal model is required (E. Miltner,
A. Parker, F. J. Sangari, and L. E. Bermudez, Abstr. 100th
Gen. Meet. Am. Soc. Microbiol., abstr. U-29, p. 648, 2000).

In conclusion, we have shown that M. avium invades the
intestinal mucosa in vivo by using enterocytes as target cells, a
characteristic that might be associated with the ability to cause
disease.
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