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Mycobacterium marinum causes long-term subclinical granulomatous infection in immunocompetent leopard
frogs (Rana pipiens). These granulomas, organized collections of activated macrophages, share many morpho-
logical features with persistent human tuberculous infection. We examined organs of frogs with chronic M.
marinum infection using transmission electron microscopy in conjunction with immunohistochemistry and
acid phosphatase cytochemistry to better define the bacterium-host interplay during persistent infection.
Bacteria were always found within macrophage phagosomes. These phagosomes were often fused to lysosomes,
in sharp contrast to those formed during in vitro infection of J774 macrophage-like cells by M. marinum. The
infected macrophages in frog granulomas showed various levels of activation, as evidenced by morphological
changes, including epithelioid transformation, recent phagocytic events, phagolysosomal fusion, and disinte-
gration of bacteria. Our results demonstrate that even long-term granulomas are dynamic environments with
regard to the level of host cell activation and bacterial turnover and suggest a continuum between constantly
replicating bacteria and phagocytic killing that maintains relatively constant bacterial numbers despite an
established immune response. Infection with a mutant bacterial strain with a reduced capacity for intracellular
replication shifted the balance, leading to a greatly reduced bacterial burden and inflammatory foci that

differed from typical granulomas.

Mycobacterium tuberculosis, the agent of human tuberculo-
sis, most often causes a long-term asymptomatic infection
called latent tuberculosis (19, 30, 31). Latently infected indi-
viduals have an approximately 10% lifetime risk of progressing
to a highly contagious disease state called reactivation tuber-
culosis (19, 30, 31). This risk increases tremendously in immu-
nocompromised individuals, such as those infected with human
immunodeficiency virus (11, 12).

The latent stage of tuberculosis is characterized by granulo-
mas (1). Granulomas are organized collections of mature mac-
rophages that exhibit a certain typical morphology and arise in
response to either a persistent intracellular pathogen or a
foreign body (1). Mature granulomas evolve from an infiltrate
of young mononuclear phagocytes that mature into macro-
phages, become activated, and aggregate. Activation is char-
acterized by an increase in size and cytoplasmic organelles and
a ruffled cell membrane, features which reflect their height-
ened phagocytic and microbicidal capacity (2, 14, 17, 19). In
epithelioid granulomas, such as those caused by tuberculosis,
the macrophages evolve further and differentiate into large
epithelioid cells, which have tightly interdigitated cell mem-
branes in zipper-like arrays linking adjacent cells as a cellular
barrier to the extension of the infecting microorganisms. It is
this host cell activation and organization of the infiltrate that
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distinguish the granuloma from simple chronic inflammation
(1). Granulomas containing lymphocytes, extracellular matrix,
calcification, and caseous necrosis are termed complex granu-
lomas (1). The granuloma is thought to function to eradicate or
contain inflammatory agents such as M. tuberculosis (52). The
highly activated macrophages can kill many pathogens, and
features such as the tight interdigitation of cell membranes and
extracellular matrix may help to contain their spread. Yet the
pathogenic mycobacteria are able to survive in the midst of this
complex host response.

The granulomas harbor M. tuberculosis, and in humans and
rabbits, but not in mice, they may have a central area of cellular
debris called caseation (19, 48). Various studies have tried to
determine the viability and virulence of M. tuberculosis in such
lesions by attempting to culture the bacteria in axenic media
and examining the virulence of tissue homogenates in experi-
mental animals (21, 27, 32, 39, 51). These studies show that
many asymptomatic humans harbor virulent bacteria in their
tuberculous granulomas (39, 51). However, the metabolic and
replicative state of the organisms in the granulomatous lesions
of such asymptomatic humans remains a controversial subject.
The bacteria could be in a metabolically and replicatively ac-
tive state yet maintained in low numbers because the organ-
ism’s rate of death (facilitated by host killing) is in equilibrium
with its rate of replication. Alternatively, the bacteria could be
in a nonreplicating state. Findings from different human stud-
ies as well as studies using animal models of tuberculosis can
be interpreted to support both hypotheses (30, 31, 43). Deter-
mining the state of the bacteria during the so-called latent
phase of infection would facilitate our understanding of the
biology of latent tuberculosis. Latent tuberculosis represents a
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critical global public health problem, as one-third of the
world’s population is latently infected (29).

The relatively rapidly growing human and animal pathogen
Mycobacterium marinum is used to understand the molecular
pathogenesis of the chronic mycobacterioses, including tuber-
culosis (10, 40, 45, 46, 57). M. marinum produces a long-term
asymptomatic infection in one of its natural hosts, the leopard
frog (Rana pipiens). The infection is characterized by systemic
granulomas that harbor relatively few organisms (46). The
number of organisms within granulomas does not appear to
change in the course of more than a year. The bacteria retain
their virulence, since acute, fulminant disease results if the
infected frogs are immunocompromised by the administration
of corticosteroids. Rarely (approximately 1% of cases), even in
the absence of corticosteroid treatment, frogs develop lethal
M. marinum disease after more than a year of asymptomatic
infection (R. H. Valdivia and L. Ramakrishnan, unpublished
data).

M. marinum also replicates in cultured macrophages in a
subcellular compartment indistinguishable from that occupied
by M. tuberculosis (10, 44). In a screen for granuloma-induced
M. marinum genes, we identified two types of activated genes:
those expressed both in vitro in cultured macrophages and in
vivo in granulomas, and those expressed exclusively in granu-
lomas (45). These data suggested that the granuloma consti-
tutes a complex environment with additional physiologic sig-
nals not produced by cultured macrophages. Our screen also
revealed a variety of genes encoding metabolic and synthetic
functions that are expressed in granulomas as well as in labo-
ratory culture media (K. Chan, T. Knaak, L. Satkamp, S.
Falkow, and L. Ramakrishnan, unpublished data). This sug-
gests that the bacteria are in a transcriptionally active state in
granulomas.

Results of gene expression studies led us to perform ultra-
structural analyses to examine the nature of the granulomas in
frogs chronically infected with M. marinum. The results of
transmission electron microscopy (TEM) coupled with immu-
nohistochemistry have shed light on the location of the bacte-
ria within granulomas, the inflammatory cell response, and the
dynamic nature of the host-pathogen interaction.

MATERIALS AND METHODS

Bacteria and macrophage cultures. The wild-type M. marinum strain M (44)
and its isogenic mutant L1D, which has a disruption in the mag 24-1 gene (45),
were grown as described previously (44, 45). The J774 A.1 (ATCC TIB67) mouse
macrophage cell line was maintained as described previously (44).

Frogs. Young adult leopard frogs (R. pipiens), 5 to 6 cm long and purchased
from J. M. Hazen (Alburg, Vt.), were maintained in accordance with the animal
husbandry guidelines of Stanford University. They were inoculated with M.
marinum so as to produce long-term asymptomatic granulomatous infection and
examined as described previously (46). Livers and spleens of three frogs per time
point were used for assessment of tissue histology and acid-fast staining by light
microcopy. Livers and spleens of six frogs were used for TEM studies: two at 17
weeks, two at 10 months, and two at 1 year postinfection. Immunoelectron
microscopy was performed on samples from two frogs at 10 months postinfec-
tion, and acid phosphatase cytochemistry was performed on samples from one
frog at 17 weeks postinfection. Tissue samples from each frog were plated for
viable bacterial counts to ensure that they had maintained a chronic infection
(46). The Internal Review Board of Stanford University approved all experimen-
tal procedures used with the frogs.

Persistence assays in J774 cells. A 7-day persistence assay using strain M was
performed as described previously (46).
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Microscopy. For histological examination, liver and spleen tissues were fixed in
10% buffered neutral formalin and processed for paraffin embedding. Sections (5
wm) were stained with hematoxylin and eosin (H&E) or acid-fast stains by
Histo-Tec Laboratory (Hayward, Calif.). TEM of the J774 macrophage cell line
was performed as described previously (44). Fresh tissues for TEM were pro-
cessed in the same manner as the J774 cells except that they were fixed overnight
in 2% glutaraldehyde fixative. Several hundred fields were examined. In the case
of M. marinum L1D-infected frog liver, paraffin-embedded tissue was prepared
for TEM as follows. The area of interest from the histologic slide was selected,
and the corresponding area was excised from the block and cut into 1-mm-thick
pieces. The tissues were immersed twice in xylene for 2 h each and then rehy-
drated by immersion through a series of graded ethanol concentrations for 30
min each. Tissues were placed in three changes of 0.1 M cacodylate buffer for 10
min each, fixed with 1% osmium tetroxide, and processed as described for TEM
of fresh tissue.

Cells were identified and classified by their morphological resemblance to
photographs of electron micrographs and descriptions of cells in various mam-
malian species (16, 33, 37, 38, 42, 49). Immunohistochemistry with a rabbit
polyclonal serum to M. marinum (45) (gift of D. Brooks and P. L. C. Small) was
performed as described previously (50). Briefly, the tissues were fixed at 4°C in
2% formaldehyde and 0.5% glutaraldehyde. They were stained using 1% uranyl
acetate and dehydrated in ethanol as described for TEM. They were infiltrated
at 4°C in steps using a graded combination of ethanol and LR white resin
(Polysciences Incorporated, Warrington, Pa.) and embedded and polymerized in
the LR white resin. The sections were incubated in a 1:500 dilution of the
antibody and then in a 1:10 dilution of goat anti-rabbit immunoglobulin G serum
conjugated to 10-nM gold particles (BB International, Burlingame, Calif.) and
stained in 1% uranyl acetate and lead citrate prior to examination.

Acid phosphatase cytochemistry was performed as described previously (20,
22). Briefly, fresh tissue was cut into 2-mm-thick and 10-mm-wide sections, which
were agitated at 4°C in 2% paraformaldehyde and 2.5% glutaraldehyde for 3 h.
After rinsing in cacodylate buffer overnight at 4°C, 10- to 30-pwm sections were
cut into ice-cold 7.5% sucrose solution and transferred to a solution of 0.1%
CMP and 0.12% lead acetate in 0.02 M sodium acetate buffer (pH 5.0). They
were agitated in this solution for 20 to 40 min at 37°C, transferred back to 7.5%
sucrose, fixed in osmium, and embedded as described above for TEM.

RESULTS

Light microscopy of M. marinum-infected tissues reveals
variations in the morphology of granulomas. Histologic sec-
tions of infected frog livers stained with either H&E or acid-
fast stains were examined. To assess the early stages of the
immune response to M. marinum, we examined frog tissues 2
weeks postinfection. The most prominent host response was
that of macrophage aggregates that lacked organization (Fig.
1le), rather than the tightly packed epithelioid granulomas seen
in later stages (Fig. 1b). Rare mitotic figures were seen in
macrophages in this early stage (Fig. le), suggesting some in
situ cell division. Occasional bacteria were observed in these
lesions (data not shown).

Granulomas were seen by 8 weeks postinfection and were
comprised mostly of tightly packed cells which upon light mi-
croscopy displayed the typical indistinct cytoplasmic borders
and abundant eosinophilic cytoplasm of epithelioid macro-
phages (1). Like the 2-week lesions, these granulomas also had
sparse acid-fast bacilli (44, 46) (Fig. 1c). Occasional granulo-
mas were comprised of a central area of epithelioid macro-
phages surrounded by small round cells with scant cytoplasm
and hyperchromatic nuclei, consistent in appearance with lym-
phocytes (Fig. 1d).

M. marinum organisms are found within phagosomes of
macrophages in mature granulomas. We used TEM in con-
junction with immunohistochemistry to determine the location
of M. marinum in infected tissues (see Materials and Meth-
ods). Initially, livers from frogs chronically infected with M.
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FIG. 1. Lesions produced in M. marinum-infected frogs. Sections from livers 8 weeks (a to d and f) and 2 weeks (e) postinfection were examined
by light microscopy. (a) Uninfected liver section showing normal melanophage aggregates. Such aggregates of brown-black pigment-laden cells
were distributed throughout the livers of uninfected frogs and associated with the granulomas of infected frogs (b and d to f). Such aggregates of
pigmented cells are normal in the livers of R. pipiens and other species of frogs and are composed of melanin-containing macrophages
(melanophages) (7). (b to e) Livers infected with wild-type M. marinum. (b and c) Typical granulomas during infection with M. marinum (arrow).
(d) Less typical but not rare granuloma variation in wild-type infected livers. Note the mitotic figure in panel e (white arrow), suggestive of cell
proliferation. (f) Typical mononuclear cell aggregate found in frogs infected with mutant strain L1D. All sections were stained with H&E except
that in panel ¢, which was stained with an acid-fast (modified Ziehl-Neelsen) stain. Magnification, X400.

marinum were scanned at low magnification by TEM to search ically infected frogs (see Materials and Methods). The gold
for structures previously identified as bacteria (44). In order to beads were localized only to those structures we had identified

verify that the structures we identified were in fact M. mari- as M. marinum by TEM (Fig. 2).
num, we used an immunogold TEM technique with rabbit Bacteria were most consistently found within granulomas.
polyclonal antisera to M. marinum to label tissues from chron- Of several hundred bacteria identified by scanning liver sec-

FIG. 2. M. marinum is located intracellularly within phagosomes in granulomas. (A) Immunohistochemistry of a 10-month spleen granuloma
demonstrates bacteria within a phagosome (arrow). (B) Higher magnification of the M. marinum organisms in panel A showing specific labeling
of the bacteria with antibody-conjugated gold particles. (C) Serial section stained without the primary antibody. No particles are seen. The phago-
somes were often distorted due to artifactual tearing while exposed to the high beam of the electron microscope. The tearing was specific to regions
that contained the bacteria and occurred over a range of infiltration and fixation procedures tested. Bars, 5 um (A) and 0.5 wm (B and C).
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tions at random, we saw only two outside a granuloma. Both of
these were within a single hepatocyte (data not shown). The
restriction of bacteria to granulomas was consistent with our
observations by light microscopy, where acid-fast bacteria were
detected only in granulomas.

Thus, bacteria in granulomas were always within macro-
phages (Fig. 2A and 3B and C) in membrane-bound cytoplas-
mic vacuoles (phagosomes) (Fig. 3B) rather than free in the
cytoplasm or extracellular spaces.

Bacterial phagosomes are often fused to lysosomes. As re-
ported previously, in J774 or RAW macrophages (10, 44), the
bacterial phagosomes were neither fused to nor associated with
lysosomes, even late in infection (Fig. 3A). However, within
the granulomas of infected frogs, the bacteria were often in
phagosomes closely associated with lysosomes, giving the ap-
pearance of fused compartments (phagolysosomes). Of the 70
bacteria examined in random fields, 41 were associated with
phagolysosomes.

We utilized an enzymatic reaction which permits identifica-
tion of the lysosomal enzyme acid phosphatase by converting it
into granular deposits (20, 22). Following the acid phosphatase
reaction, we confirmed the localization of bacteria to be often
within fused phagolysosomes. Of interest is our finding that
even within the same infected cell, some phagosomes were
fused to lysosomes while others were not (Fig. 4). Figure 4A
and B demonstrate phagosomes not fused to lysosomes. These
phagosomes lack black deposits that represent acid phospha-
tase activity. In contrast, the bacteria in Fig. 4A, inset C, are
fused to lysosomes. These three bacterial phagosomes all con-
tained black deposits, confirming that fusion to lysosomes had
occurred (Fig. 4C).

The activation state of infected macrophages varies within
granulomas and correlates with the degree of phagolysosomal
formation. Activated macrophages are associated with ultra-
structural features, such as increased cytoplasmic organelles,
including primary lysosomes, and the development of complex
pseudopodia or ruffled cell membranes (1, 2). Primary lyso-
somes are present in moderately activated macrophages (14).
In highly activated macrophages, the primary lysosomes fuse
with phagocytic vacuoles to form secondary lysosomes, which
become even more fusogenic and often engulf newly phagocy-
tosed bacteria (14).

In contrast to infected, cultured J774 cells, which appeared
to be quiescent and contained only rare lysosomes or or-
ganelles (Fig. 3), macrophages in granulomas exhibited fea-
tures characteristic of higher activation states. For example,
the macrophage shown in Fig. 3B was moderately activated
and contained abundant mitochondria, Golgi, and primary ly-
sosomes yet lacked secondary lysosomes and ruffled cell mem-
branes (Fig. 3B and C). Consistently, nonfused bacterial
phagosomes were found in macrophages exhibiting lower ac-
tivation states (Fig. 3B), while bacteria in phagolysosomes and
secondary lysosomes were found in the more highly activated
macrophages (Fig. 3C).

Recent phagocytic events are still seen in highly activated
macrophages of mature granulomas. The most numerous bac-
teria were seen in areas of chronic granulomas containing the
most highly activated macrophages. Figure 5 demonstrates one
such area. These macrophages are replete with secondary ly-
sosomes and contain phagosomes surrounding viable bacteria
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FIG. 3. M. marinum resides in either phagosomes or phagolyso-
somes in macrophages comprising granulomas. (A) TEM of M. mari-
num phagosomes (arrows) in J774 cells 7 days postinfection. The
paucity of organelles is characteristic of quiescent or relatively inactive
cells. (B and C) Macrophages in granulomas in spleens of frogs in-
fected for 10 and 12 months, respectively. (B) Several organelles,
indicative of cellular activation, are present in this macrophage, which
contains a phagocytosed bacterium (arrow). (C) Cell exhibiting a high
level of activation, including phagolysosomes (arrow), abundant sec-
ondary lysosomes, and prominent pseudopodia (ruffled edge). Bars, 2
wm (A and C) and 0.5 wm (B). SL, secondary lysosomes; PL, primary
lysosomes; M, mitochondria; G, Golgi; C, centriole.
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FIG. 4. Analysis of phagolysosomal fusion by acid phosphatase cy-
tochemistry. (A) Macrophage in a granuloma from liver 17 weeks
postinfection containing bacterial phagosomes not fused to lysosomes
(arrow and inset B) and those fused to lysosomes, forming phagolyso-
somes (inset C). (B) Bacteria (arrows) in phagosomes lacking acid
phosphatase activity characterized by black deposits. (C) Granules
within phagosomes indicative of phagolysosomal fusion. Arrows, par-
tially degraded bacteria in the phagolysosome. Bars, 2 wm (A) and 0.5
wm (B and C).

as well as bacteria in phagolysosomes. In close proximity to the
plasma membrane of the macrophage is a large phagosome
containing four bacteria which is surrounded by primary lyso-
somes, suggestive of impending fusion. Similarly, the phago-
some in an adjacent macrophage also has primary lysosomes in
close proximity.

Loosely interdigitated mature macrophages and epithelioid
cells coexist in chronic M. marinum granulomas. Macrophages
in tuberculous granulomas are thought to evolve during infec-
tion (1-3, 19). Loosely interdigitated mature macrophages are
transformed over time into tightly interdigitated epithelioid
cells (1-3). Reports in the literature identify two distinct types
of epithelioid cells that differ with regard to their activation
states and phagocytic capabilities (1, 14, 41, 42). Some studies
suggest that epithelioid cells are primarily nonphagocytic, do
not have secondary lysosomes, and may have a secretory func-
tion (41, 42). However, other investigators believe epithelioid
cells to be the most highly phagocytic and microbicidal cells in
granulomas (1, 14).

Our light-microscopic studies have shown that M. marinum
granulomas evolve quickly from loose macrophage aggregates
to tight clusters of epithelioid cells. Yet by TEM, chronically
infected frog granulomas were found to be comprised of all
three types of cells described above. Figure 6A shows highly
activated, loosely interdigitated macrophages that contain bac-
teria. Figure 6B details the inset in Fig. 6A and shows the
features of active phagocytosis and cellular activation: a phago-
some in the process of fusing to primary lysosomes, secondary

lysosomes, intermediate filaments, rough endoplasmic reticu-
lum, and free ribosomes (1-3, 16).

Areas containing the two types of epithelioid cells charac-
terized by tight interdigitations or zippering of pseudopodia
are presented in Fig. 7. In Fig. 7A, the cells have tight cell
membrane interdigitations, mitochondria, and primary lyso-
somes. However, they lack secondary lysosomes and contain
only a few bacteria in nonfused phagosomes. Thus, these cells
resemble the nonphagocytic (or secretory) epithelioid cells de-
scribed previously (41, 42). The epithelioid cells in Fig. 7B also
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FIG. 5. Recent phagocytic events ongoing in highly activated macrophages of 17-week liver granulomas. White arrow, four bacteria in a
phagosome close to the plasma membrane (asterisk) of the macrophage (considered recently formed). The phagosome has not yet undergone
fusion to lysosomes, but primary lysosomes surrounding it suggest that fusion is imminent. Similarly, two bacteria (black arrows) in an adjacent
macrophage are within nonfused phagosomes and are surrounded by primary lysosomes. The presence of numerous secondary lysosomes (SL),
many fused to bacterial phagosomes, suggests a high level of activation in these resident macrophages found within this granuloma. Bar, 5 pm.

have tightly interdigitated pseudopodia yet contain multiple
secondary lysosomes and numerous bacteria within fused and
nonfused phagosomes, more typical of the phagocytic epithe-
lioid cells described by most investigators (1, 14).

While most bacteria contained in phagolysosomes appeared
to be intact, occasional degenerate bacteria were seen; Fig. 8
shows intact and degenerate bacteria within the same macro-
phage. The nonviable bacterium with a disintegrated mem-
brane is contained within a large phagolysosome.

Epithelioid cells are a hallmark of the epithelioid and com-
plex granulomas of mammalian M. tuberculosis infection (1). In
addition to possessing the same continuum of macrophage-
lineage cells, M. marinum granulomas exhibited additional fea-
tures characteristic of mammalian tuberculous granulomas.
The development of extracellular matrix proteins is a hallmark
of mature granulomas (33), and this feature was noted in many
M. marinum granulomas (Fig. 7B). Lymphocytes were also
associated with granulomas, usually in close proximity to mac-
rophages that appeared to be highly phagocytic and contained
numerous secondary lysosomes (Fig. 6A and 8).

A mutant M. marinum produces infiltrates of macrophage
precursors. L1D, a M. marinum strain with a mutation in mag
24-1, a gene of the PE-PGRS family that is expressed only in
macrophages and granulomas, was described previously (45).
This mutant does not persist in cultured macrophages and is
attenuated in 8-week granulomas compared to wild-type bac-
teria. Our initial observations were that in two of four frogs,
this mutant incited an atypical inflammatory infiltrate charac-

terized by loose aggregates of mononuclear cells (interpreted
to be lymphocytes by light microscopy) (Fig. 1f), not seen in
infections with wild-type bacteria (45). We extended these
observations to include two more groups of three frogs each,
infected with either the wild type or L1D for 8 weeks. We
confirmed that 8-week infections in all of the L1D-infected
frogs were characterized by collections of loose aggregates of
mononuclear cells and only rare granulomas (Fig. 1f). Bacteria
were not seen upon light microscopy with acid-fast stains in
either type of lesion produced in the L1D-infected frogs (data
not shown). This was consistent with the greatly reduced num-
bers of bacteria that were cultured from their organs at 8
weeks.

Examination of the loose cellular aggregates in the L1D-
infected frogs by TEM identified these cells as early mono-
cytes/immature macrophages rather than mature macro-
phages, typical of granulomas in frogs infected with wild-type
bacteria (Fig. 9). Thus, the combination of light microscopy
and TEM shows that these cellular aggregates are comprised
predominantly of early monocytes/immature macrophages and
lymphocytes. Consistent with the results from light microscopy,
no bacteria were identified within these infiltrates by TEM
(Fig. 9 and data not shown).

DISCUSSION

We performed a systematic microscopic examination of M.
marinum granulomas ranging from 2 weeks to over 1 year
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FIG. 6. Highly activated mature macrophages with loose intercellular interdigitations are present in mature granulomas. (A) One-year
granulomas in liver in which the macrophages have loose interdigitations (asterisks), many phagocytosed bacteria, and secondary lysosomes.
Lymphocytes (L) can occasionally be seen within granulomas of any duration. (B) Bacterial phagosome (black arrow) that is in the process of fusing
with primary lysosomes (PL). Other markers of cellular activation, including secondary lysosomes, rough endoplasmic reticulum (asterisk), smooth
endoplasmic reticulum (white arrow), free ribosomes (arrowhead), and intermediate filaments (F), are seen. Bars, 5 pm (A) and 0.5 pm (B).

postinfection. Surprisingly few ultrastructural studies of
chronic mycobacterial lesions have been reported. Moreover,
many conclusions about the ultrastructure of granulomas have
been drawn from examination of tissues of laboratory animals
infected with Mycobacterium bovis BCG or killed M. tubercu-
losis (2, 3, 38, 49). The granulomas produced in these studies
were short-lived, as the inciting agents did not persist and the
outcome of the host-pathogen interaction was essentially one

where the pathogen was cleared, a scenario that is quite dif-
ferent from infections with pathogenic mycobacteria. Only a
few reports document the ultrastructure of lesions with viru-
lent M. tuberculosis (33, 37). Similarly, the histochemical study
of host-cell interactions in granulomas has also been per-
formed using M. bovis BCG (4-6, 18, 54, 56). In this long-term
ultrastructural study of a persistent mycobacterial infection, we
have observed both similarities and differences with regard to
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FIG. 7. Two types of epithelioid cell can be found in epithelioid granulomas. (A) Ten-month spleen granuloma made up of cells with closely
apposed and tightly interdigitated pseudopodia (asterisks). These epithelioid cells are moderately active, contain primary but not secondary
lysosomes, and demonstrate a relatively low level of phagocytosis. Two phagosomes (arrows) in the field are juxtaposed to primary lysosomes,
indicating fusion initiation. (B) Ten-month liver granuloma also comprised of confluent cells with tightly interdigitated pseudopodia (asterisks) but
containing numerous bacterial phagosomes (arrows) and secondary lysosomes (SL). Extracellular matrix (ECM) proteins, often associated with
chronic granulomas, are present. PL, primary lysosomes; M, mitochondria; Bars, 5 wm.
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FIG. 8. Both viable and nonviable intracellular bacteria are found in granulomas. This 10-month liver granuloma is made up of a mixture of
cell types, including lymphocytes (L), moderately activated macrophages, and highly activated macrophages containing numerous secondary
lysosomes (SL). Black arrow, intact, presumably viable bacterium; white arrow, partially disintegrated bacterium in a large secondary lysosome.

Bar, 5 pm.

the published literature. One important difference is that in M.
bovis BCG granulomas, the more activated macrophages con-
tain few intact bacteria or bacterial fragments (5, 42). In the
chronic M. marinum granulomas, we see the reverse correla-
tion: the more activated a cell appears to be, the more bacteria
it contains. While this seems contradictory, it fits with the
biology of the two infections. In both cases, the activated mac-
rophages are likely the most phagocytic. However, in the case
of M. bovis BCG, which does not persist, the bacteria are
killed. In contrast, M. marinum, like M. tuberculosis, has the
inherent capacity to counter macrophages and thus survives
even in activated ones.

Light-microscopic (H&E) analysis has revealed that the le-
sions accompanying M. marinum infection of R. pipiens un-
dergo a reproducible evolution of events. Within 2 weeks,
infection incites loose macrophage aggregates, while tightly
packed, epithelioid granulomas are consistently present by 8
weeks postinfection (46). After an initial increase, the number
of organisms in infected tissue remains relatively constant over
a very long period (46). However, the granulomas may increase
in size over the course of the infection (46). We studied the
ultrastructure of granulomas between 17 weeks and 1 year
postinfection and found no qualitative differences in cell struc-
ture or organism localization between these time points. At the
ultrastructural level, frog granulomas are virtually indistin-
guishable from those found in mammals (including humans) in
terms of the morphology and spatial arrangement of the dif-
ferent cells (1-3, 16, 33, 38, 49).

The conventional view of tuberculous granulomas is one of

a central region of caseation, which contains bacilli in the
stationary phase of growth. Surrounding this central region is a
border of epithelioid macrophages and extracellular matrix
components, which serve to wall off the offending organisms, as
well as cytokine-secreting lymphocytes, which contribute to
macrophage activation (1, 19, 23). Light microscopy of human
tuberculous granulomas demonstrates organisms within mac-
rophages as well as within the central caseous material. M.
marinum granulomas in the frog share many features with
human tuberculous ones, such as mature macrophages, epithe-
lioid cells, and extracellular matrix components, yet lack case-
ation and giant cells. While M. marinum can cause caseous
necrosis in humans, goldfish, and the toads Xenopus laevis and
Xenopus borealis (9, 28, 57, 58), this does not appear to be a
feature of R. pipiens granulomas. This is likely due to differ-
ences in the host response to infection—many frog species fail
to undergo caseation, a phenomenon for which a pathological
basis is not clear (7).

Despite the absence of obvious caseous necrosis, we thought
it possible that the organisms contained within granulomas
resided in an extracellular niche and that this might explain
why some M. marinum genes are active only in granulomas and
not in cultured macrophages (45). However, we failed to see
extracellular bacteria despite exhaustive surveillance of in-
fected tissues. These findings are in agreement with a previous
TEM study of M. tuberculosis infection of mouse lung (37).
While the location of bacteria is always intracellular, our find-
ings offer a ready explanation for why the granuloma environ-
ment might convey different signals to the bacteria than those
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FIG. 9. Loose aggregates of monocytes/immature macrophages in an 8-week granuloma from a frog infected with the L1D mutant strain. Note
the absence of ruffled cell membranes and interdigitations and a greater nuclear-to-cytoplasmic ratio in these cells compared to the activated

macrophages in previous figures. Bar, 5 pm.

produced by cultured macrophages. The macrophages in gran-
ulomas were invariably more activated than in vitro macro-
phages. Their increased level of activation correlated with a
high level of lysosomal fusion of the M. marinum phagosomes.
Indeed, fully 60% of the M. marinum bacteria were within
phagolysosomes. The other complexities unique to the granu-
loma apparent from this study, namely, the presence of epi-
thelioid cells, lymphocytes, and extracellular matrix, may also
alter the intracellular milieu of the bacteria and trigger distinct
gene expression patterns.

The finding of M. marinum in phagolysosomes may seem
surprising, since M. marinum, like M. tuberculosis, has been
shown to avoid phagolysosomal fusion in macrophages in vitro
(10, 13, 60). One general hypothesis has been that it is this
“escape” from the phagolysosome that is the key to the bac-
teria’s long-term survival. However, Mycobacterium phago-
somes become fused to lysosomes if the bacteria are pretreated
with the serum of M. bovis BCG-immunized rabbits (8). Fur-
thermore, the intracellular survival and replication of M. fu-
berculosis were unaffected by the induction of phagolysosome
fusion in this manner (8). Phagosome-lysosome fusion of M.
tuberculosis is also induced upon infection of cytokine-acti-
vated macrophages (53, 59). In light of these studies, frequent
observation of M. marinum in phagolysosomes within activated
cells in vivo is hardly surprising. The intracellular pathogen
Legionella pneumophila, which was also thought to resist pha-
gosomal fusion, has been shown recently to reside in phagoly-

sosomes during long-term infection of macrophages (55). Sim-
ilarly, the persistent pathogen Cryptococcus neoformans has
also been shown to have a different location in vivo than in
cultured cells (22).

Our study does not directly address the viability of the bac-
teria in phagolysosomes. The majority of bacteria in phagoly-
sosomes appear to be morphologically intact and may be via-
ble; occasional bacteria are clearly partially degraded and
nonviable. However, it could be argued that nonviable myco-
bacteria remain intact for long periods owing to the complex
lipid-rich nature of their cell walls (47). The finding that bac-
teria are in both fused and nonfused compartments within the
same macrophage in a granuloma suggests several possibilities.
Some of the in vivo-expressed genes may protect the bacteria
from the ill effects of phagolysosomal fusion and other conse-
quences of macrophage activation in granulomas. Two in vivo-
induced M. marinum genes are activated by their acidic envi-
ronment (K. Chan, T. Knaak, L. Satkamp, S. Falkow, and L.
Ramakrishnan, unpublished data), supporting this hypothesis.
Alternatively, phagolysosomal fusion could represent an inex-
orable pathway to death for every bacterium in the granuloma.
A third possibility is that there are at least two populations of
bacteria in the granulomas that occupy distinct intracellular
niches and consequentially may have distinct intracellular
fates. The few bacteria in the less activated macrophages that
are in unfused phagosomes may represent those in a privileged
niche destined for long-term survival. Such physiological het-
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erogeneity in the populations of M. tuberculosis in human in-
fections has been proposed (34). We did observe extremely
rare bacteria in normal tissues outside the granulomas. These
observations are consistent with those of others who have
found evidence of M. tuberculosis infection in normal tissues of
latently infected hosts (26, 39). However, their vanishingly
small numbers make it extremely unlikely that these bacteria
contributed to the gene expression profiles detected by our
screen.

Since both the host cell response and the number of viable
bacteria remain essentially the same in granulomas over the
course of 1 year, we speculate that there is equilibrium be-
tween bacterial replication and death. Similarly, there appears
to be a repeated spectrum of macrophage differentiation in
granulomas over time. Thus, our studies demonstrate that even
an epithelioid granuloma is an area of highly dynamic interac-
tions between pathogen and host; the granuloma is far from a
static entity. Our data suggest a model in which there may be
an ongoing cycle of replication of bacteria within a particular
class of immune cells and eventual bacterial destruction by
activated cells with the morphological appearance of activated
macrophages. We expect there is a parallel turnover of host
cells and bacteria during this prolonged stage of the disease.
Indeed, we see evidence of in situ macrophage division but
infrequently and only in early infiltrates. Our finding of mac-
rophages at different stages of maturation in chronic granulo-
mas suggests that mononuclear cells are being recruited into
the granuloma and are undergoing maturation there. This
finding is consistent with previous observations (4). Mycobac-
terium granulomas are thought to have a high cell turnover,
unlike those caused by inert foreign bodies (1, 6, 42). We
presume this to be the case for M. marinum granulomas. How-
ever, we failed to see the occasional apoptotic bodies seen in
M. bovis BCG granulomas (15).

It is noteworthy that we see in chronic granulomas both
types of epithelioid cells reported in the literature (1, 14, 41,
42). It may be that macrophages can differentiate into at least
two types of epithelioid cells: the cells with numerous second-
ary lysosomes carry out phagocytic events while the other type
carries out secretory functions modulating the maintenance of
the granulomas. Bacterial replication may occur predomi-
nantly in the phagocytic cells, while the secretory cells may
contain the spread of infection. Alternatively, as proposed
earlier, the secretory epithelioid cells may actually provide a
safe haven for a few bacteria.

The mutant strain L1D gives rise predominantly to infiltrates
consisting of loosely juxtaposed immature macrophages. Few
bacteria are seen in such lesions, consistent with its decreased
survival in both cultured macrophages and granulomas (45).
This altered cellular response is not always associated with
mutants attenuated in granulomas. Other mutants led to de-
creased numbers and size of granulomas but did not result in
fundamental changes in granuloma morphology (46). An M.
tuberculosis persistence mutant with a mutation in a protein
involved in mycolic acid modification also altered the host
immune response (24). In this case, pure lymphocytic aggre-
gates were found. The findings with the M. marinum L1D
mutant, which has a mutation in mag 24, suggest that specific
proteins such as MAG 24 may potentiate macrophage differ-
entiation either directly or indirectly. Since wild-type bacteria
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survive better than the mutant in the granuloma, it could be
argued that an essential strategy for latent infection is to de-
liberately induce macrophage differentiation into epithelioid
cells. This may sound counterintuitive, but no more so than the
finding that Salmonella and Shigella induce a proinflammatory
response as a prerequisite to traveling from the Peyer’s patches
to mesenteric lymph nodes in order to spread systemically (35,
36, 61).

Our study has provided “snapshots” of the dynamic range of
a persistent mycobacteriosis, a complex lifelong infection. It
may shed light on a long-ranging controversy regarding
whether the bacteria in chronic tuberculous lesions are in a
truly latent (i.e., nonreplicating) state (25, 30, 31, 43). In a
situation where there is no change in bacterial numbers and no
progression to disease over 1 year, we find evidence of bacte-
rial turnover and continuing infection of new host cells. Our
results point to a functional rather than physiologic latency at
least for some chronic mycobacterioses. Furthermore, our re-
sults reemphasize the importance of the direct examination of
infected tissue rather than relying on in vitro systems (31).
Additional studies comparing wild-type and mutant bacteria
should yield more insight into how the bacteria manipulate the
host cell response in order to dwell in this complex and seem-
ingly adverse environment. The model system we employ may
reflect some attributes of persistent (latent) tuberculosis in
humans. Although the frog model has some limitations, we
have found it useful in formulating hypotheses that may be
tested in the more complex and experimentally more difficult
study of M. tuberculosis.
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