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Although Mycobacterium marinum is closely related to Mycobacterium tuberculosis H37Rv genomically, the
clinical outcome in humans is quite different for M. marinum and M. tuberculosis infections. We investigated
possible factors in the host macrophages for determining differential pathological responses to M. tuberculosis
and M. marinum using an in vitro model of mycobacterial infection. Using suppression-subtractive hybridiza-
tion, we identified 12 differentially expressed genes in the human monocytic cell line U937 infected with M.
tuberculosis and M. marinum. Of those genes, the most frequently recovered transcript encoded interleukin-8
(IL-8). Northern hybridization revealed that IL-8 mRNA was highly upregulated in M. tuberculosis-infected
U937 cells compared with M. marinum-infected cells. In addition, enzyme-linked immunosorbent assay showed
that IL-8 protein secretion was significantly elevated in M. tuberculosis-infected U937 cells, human primary
monocytes, and monocyte-derived macrophages compared with that in M. marinum-infected cells. The de-
pressed IL-8 expression was unique in M. marinum-infected cells compared with cells infected with other
strains of mycobacteria, including M. tuberculosis H37Ra, Mycobacterium bovis BCG, or Mycobacterium smeg-
matis. When the expression of NF-�B was assessed in mycobacterium-infected U937 cells, I�B� proteins were
significantly degraded in M. tuberculosis-infected cells compared with M. marinum-infected cells. Collectively,
these results suggest that differential IL-8 expression in human macrophages infected with M. tuberculosis and
M. marinum may be critically associated with distinct host responses in tuberculosis. Additionally, our data
indicate that differential signal transduction pathways may underlie the distinct patterns of IL-8 secretion in
cells infected by the two mycobacteria.

Mycobacterium marinum is the mycobacterial species that is
most closely related to the Mycobacterium tuberculosis com-
plex, with a sequence homology of 99.4% (34), and it is the
cause of tuberculosis (TB) in ectothermic hosts, such as fish
and frogs (7). It was first isolated from saltwater fish with a
TB-like systemic disease (3). The typical M. marinum lesion
seen on histopathological examination is the granuloma (37),
which is similar to the histopathology seen in human TB (25).
M. marinum, a relatively rapidly growing pathogen in humans
and animals, is used to study the molecular pathogenesis of
chronic mycobacterioses, including TB (32).

In humans, M. marinum causes only localized nodular and
ulcerated lesions on the surfaces of the extremities (19). The
mycobacteria were reported to localize on these relatively cool
surfaces because the optimal growth temperature for M. ma-
rinum was thought to be between 25 and 35°C (7). However, M.
marinum can persist (4) and replicate (22, 27) in murine mac-
rophages, as well as in a number of epithelial cell lines (30, 31).
In addition, it adapted to optimal growth at 37°C and caused
disseminated systemic disease when injected into mouse foot-
pads or tail veins, with a disease pattern similar to that of TB
(9). In warm-blooded animals such as humans, dissemination

of M. marinum disease to systemic organs occurs extremely
rarely, even in immunocompromised populations (28). Al-
though previous studies have suggested that the species spec-
trum of M. marinum pathogenicity is related to its low opti-
mum growth temperature (27), factors for differential host
responses in human monocytes infected with M. marinum and
M. tuberculosis have not been well established.

Since the complete genome sequence of M. tuberculosis was
well characterized in 1998 (8), several comparative studies of
differentially expressed genes have been reported (6). Using
DNA microarray analysis, 14 regions that were absent from
Mycobacterium bovis BCG Pasteur relative to M. tuberculosis
and two deletions specific for particular BCG substrains were
identified (5). Using an mRNA differential-display assay, six
cDNAs were found that were highly homologous to M. tuber-
culosis genes but were absent from its avirulent mutant, H37Ra
(28). Genomic subtractive hybridization was performed be-
tween M. bovis and M. bovis BCG, and it identified three
regions (RD1 to -3) that were deleted during the attenuation
of M. bovis BCG (20). Although a recent study with DNA
microarrays exploring the responses of human macrophages
suggested that interleukin-12 (IL-12) production was inhibited
during the M. tuberculosis-specific response (27), little is known
about the differential expression of host genes that are induced
in response to different mycobacteria.

In the present study, we used suppression-subtractive hy-
bridization (SSH) to investigate the ability of M. marinum to
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enter human macrophages and to characterize differentially
expressed genes in the human monocytic cell line U937 in-
fected with either M. tuberculosis or M. marinum. Of the 12
differentially expressed genes found, we focused on IL-8 ex-
pression in U937 cells and human primary monocytes. IL-8
mRNA expression and protein secretion were more signifi-
cantly elevated in M. tuberculosis-infected U937 cells than in
M. marinum-infected cells. IL-8 secretion was further com-
pared with that in cells infected with other mycobacterial
strains, including M. tuberculosis H37Ra, M. bovis BCG, and
Mycobacterium smegmatis. In addition, the levels of expression
of nuclear factor �B (NF-�B) in U937 cells infected with the
mycobacteria were compared. The data suggest that IL-8 and
its underlying mechanisms are differentially regulated in hu-
man macrophages infected with different mycobacteria, sug-
gesting distinct roles for IL-8 in the host-parasite relationship
in TB.

MATERIALS AND METHODS

Bacteria. Cultures of M. tuberculosis (kindly provided by R. L. Friedmann,
University of Arizona, Tucson), M. bovis BCG (ATCC 35734), M. tuberculosis
H37Ra (ATCC 25177), M. smegmatis, M. marinum (ATCC 927), and two clinical
strains of M. marinum (KIT 21103 and KIT 21104) isolated from biopsy speci-
mens from typical lesions on the hand or forearm at the Korean Institute of
Tuberculosis were grown to late log phase in Middlebrook 7H10 agar (Difco,
Detroit, Mich.) medium supplemented with 10% OADC (oleic acid, albumin,
dextrose, catalase; Becton Dickinson Immunocytometry, San Jose, Calif.) and
0.05% Tween 80 (Sigma, St. Louis, Mo.). Batch cultures were aliquoted and
stored at �70°C. Representative vials were thawed, and viable CFU were enu-
merated on Middlebrook 7H10 agar. Heat-killed mycobacteria were prepared by
incubating M. tuberculosis and M. marinum suspensions at 80°C for 20 min and
then storing them at �70°C.

For infection, bacteria were resuspended in phosphate-buffered saline (PBS)
and sonicated (Bandelin, Berlin, Germany) for 3 to 5 min at 35 kHz to disrupt
aggregates. Prior to infection, the bacteria were opsonized as follows: 109 viable
organisms were suspended in 1 ml of RPMI 1640 (Gibco-BRL, Gaithersburg,
Md.) containing 50% AB� serum and rocked for 30 min at 37°C. The bacteria
were then resuspended in 1 ml of RPMI 1640, and clumps were disrupted by
multiple passages through a 25-gauge needle. To control for potential nonspe-
cific phagocytosis effects, the cells were incubated with 0.005% latex beads
(uptake, 10 to 15 particles/cell). Infection with Salmonella enterica serovar Ty-
phimurium was used as a positive control for phagocytosis.

Differentiation of U937 cells and preparation of human monocytes and mono-
cyte-derived macrophages (MDM). The human monocytic cell line U937 (ATCC
CRL 1593; American Type Culture Collection, Rockville, Md.) was maintained
in complete medium (RPMI 1640 [Gibco-BRL] with 10% fetal bovine serum
[Gibco-BRL], sodium pyruvate, nonessential amino acids, penicillin G [100 IU/
ml], and streptomycin [100 �g/ml]). The U937 cells were treated with 4 nM
phorbol myristate acetate (Sigma) for 72 h to induce differentiation into macro-
phage-like cells and washed with phosphate-buffered saline (PBS) three times.

Human peripheral blood mononuclear cells were isolated from healthy human
volunteer donors using Histopaque-1077 (Sigma) gradient centrifugation. The
mononuclear cells were incubated for 1 h in polystyrene tissue culture dishes at
37°C in 5% CO2. Nonadherent cells were removed by washing the dishes three
times with PBS at 37°C, and adherent cells, typically �90% CD14� by fluores-
cence-activated cell sorter analysis (Becton Dickinson, San Jose, Calif.), were
cultivated in complete medium at 37°C in 5% CO2. Human MDM were obtained
by culturing adherent monocytes in 96-well tissue cultures plates with 0.1 ng of
granulocyte-macrophage colony-stimulating factor (Sigma)/ml for 5 days in com-
plete medium.

In vitro infection of U937 cells, human monocytes, and MDM. Differentiated
U937 cells, adherent human monocytes, and MDM were washed three times with
Ca2�- and Mg2�-free PBS, and adherent monolayers were replenished with
complete medium without antibiotics. The cells were incubated overnight with-
out stimulation at 37°C in a 5% CO2 atmosphere. After the overnight incubation,
U937 cells (105/ml), monocytes, and MDM (2 � 105/ml) were infected with
mycobacteria using opsonized bacteria-to-cell ratios of 1:1, 10:1, and 20:1, re-
spectively.

Assessment of phagocytosis. Phagocytosis of mycobacteria was determined by
a modification of a fluorescence-quenching technique described previously (12).
Briefly, the opsonized bacteria (109/ml) were labeled by incubation with 0.5 mg
of fluorescein isothiocyanate (FITC; Sigma) per ml in 0.1 M carbonate buffer
(pH 9.0) at 37°C for 2 h. Thereafter, the FITC-labeled mycobacteria were
washed twice with PBS to remove unbound FITC and suspended in fresh 7H9
broth supplemented with 0.05% Tween 80 and 10% OADC. The mycobacteri-
um-infected cells were washed extensively and resuspended in sodium acetate
buffer (0.05 M; pH 4.5) containing 0.06% trypan blue for 5 min at 4°C. Analysis
of phagocytosis was performed with a FACSCalibur flow cytometer (Becton
Dickinson).

SSH and slot blot hybridization. SSH was performed between cDNAs from
U937 cells infected with M. marinum and M. tuberculosis after 24 h using a
PCR-Select cDNA Subtraction kit (Clontech, Palo Alto, Calif.) according to the
manufacturer’s recommendations. Briefly, tester DNA was digested with the
restriction endonuclease RsaI, and the fragments were marked by ligation to
specialized oligonucleotide adapters. When the marked DNA was denatured and
hybridized to excess unmarked driver DNA that had been digested with the same
enzyme, most tester sequences formed heterohybrids with the driver. In the
forward subtraction, cDNA from M. marinum-infected U937 cells was used as a
driver and cDNA from M. tuberculosis-infected U937 cells was used as a tester.
The subtracted fragments were then inserted into the pGEM-T East plasmid
vector (Promega, Madison, Wis.). Individual transformants carrying subtracted
cDNA fragments were isolated from white colonies on 5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside–isopropyl-1-thio-�-D-galactopyranoside agar plates.

The slot blot hybridization (PCR-Select Differential Screening kit; Clontech)
was carried out according to the manufacturer’s protocol. Briefly, after PCR
amplification of the Luria-Bertani culture, PCR products were slot blotted onto
two sets of membranes (one set for hybridization with the radiolabeled M.
tuberculosis-infected U937 cell cDNA probe and the other with the radiolabeled
M. marinum-infected U937 cell cDNA probe). The radiolabeled probe was
added to the hybridization buffer (ExpressHyb; Clontech), and the membranes
were hybridized overnight at 72°C, followed by low- and high-stringency washes
at 68°C. The membranes were exposed to films for up to 1 day, and the signals
of identical clones were compared.

Northern blot analysis of subtracted cDNA and sequencing. RNA isolation
and Northern blot analysis were performed as previously described (33). The
probes were generated by PCR using secondary primers from the colonies
corresponding to the dots differentially expressed by dot blot differential screen-
ing. Candidate clones were sequenced on an automated PRISM 310 genetic
analyzer (ABI–Perkin-Elmer), and a homology search of the blast database
(http://www.ncbi.nlm.nih.gov/BLAST) was done.

Enzyme-linked immunosorbent assay (ELISA). Supernatants were collected
from cultures of U937 cells and human monocytes infected with mycobacteria for
18, 48, or 96 h and frozen at �70°C. The frozen supernatants were thawed at
room temperature, and cytokine levels were measured with commercial IL-8
assay kits (PharMingen, San Diego, Calif.) according to the manufacturer’s
instructions. The differences between duplicate wells were consistently �10% of
the mean.

Western blot analysis. Western blot analysis was performed as previously
described (35). To detect phosphorylated I�B	, the nitrocellulose membranes
were incubated with phospho-I�B	-specific rabbit polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, Calif.), followed by incubation with the appro-
priate horseradish peroxidase-conjugated secondary antibody. Bands were visu-
alized by enhanced-chemiluminescence analysis (Amersham, Arlington Heights,
Ill.).

Statistical methods. The results are presented as the mean 
 standard devi-
ation (SD). Statistical significance was calculated using analysis of variance or
Student’s t test.

RESULTS

Phagocytosis of mycobacteria by U937 cells. Flow cytometry
and FITC-labeled bacteria were used to assess the phagocyto-
sis of M. tuberculosis and M. marinum by U937 cells that were
induced to differentiate by phorbol myristate acetate. As
shown in Fig. 1, when the multiplicity of infection (MOI) was
1, M. tuberculosis and M. marinum infected 10.6% 
 1.0% and
11.0% 
 5.0% of cells, respectively. When the MOI was 10,
phagocytosis rates in U937 cells increased dramatically (29.2%
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 2.2% for M. tuberculosis and 27.0% 
 5.0% for M. marinum;
P � 0.05 for both mycobacteria) compared with an MOI of 1.
Because the percentage of phagocytic cells infected with an
MOI of 20 was not different from cells infected with an MOI of
10 (P � 0.05), we used an MOI of 10 for SSH in this study. The
phagocytosis rates were not significantly different in cells in-
fected with M. tuberculosis and M. marinum, regardless of the
MOI.

Identification of differentially expressed genes in M. tuber-
culosis-infected U937 cells and M. marinum-infected U937
cells. We used the SSH technique to investigate differentially
expressed genes in human U937 cells infected with M. tuber-
culosis and M. marinum for 24 h. Using M. tuberculosis-infected
U937 cells as a tester, 32 clones with cDNA inserts were se-
lected by SSH. To verify differential expression in these clones,
an initial screening was performed by slot blot hybridization. A
clone was considered a candidate for M. tuberculosis-infected

U937 cell-specific cDNA if it was induced at least fivefold in
the membrane hybridized with M. tuberculosis-infected U937
cell cDNA compared to the membrane hybridized with M.
marinum-infected U937 cell-specific cDNA. Of the 32 clones
that were analyzed, 12 (37.5%) showed a stronger hybridiza-
tion signal with radiolabeled cDNA derived from M. tubercu-
losis-infected U937 cell cDNA (data not shown).

To characterize the 12 differentially expressed clones, the
inserts were automatically sequenced, and the output se-
quences were compared to BLAST databases in order to find
homologies with known genes. As shown in Table 1, most were
identified as genes that showed high homology to known se-
quences in GenBank. Two cDNAs, clones A1 and A6, were
identified as the isoleucine-tRNA synthetase gene. Clone A2
was identified as the adenylate kinase 2 gene, and clone A3 was
the ribosomal protein L19 gene. Among the known genes,
thioredoxin reductase 1 and IL-10 receptor beta genes were
also identified. Two of the clones were not sequenced in this
study. Our failure to identify the DNA sequences of these
clones could be a result of sequencing method limitations.
Interestingly, we discovered that IL-8 genes were repeatedly
found in M. tuberculosis-infected U937 cells (three clones in-
dicated IL-8 genes). Because IL-8 is a potent proinflammatory
chemotactic factor that induces important immune responses
for antimycobacterial defenses (2), we focused on the IL-8 that
is induced early at infection sites.

To establish whether IL-8 expression was indeed increased
due to gene transcription in M. tuberculosis-infected U937
cells, we analyzed expression by Northern blot hybridization of
total RNA. Northern blot analysis revealed that the IL-8
mRNA levels were much higher in M. tuberculosis-infected
U937 cells than in cells infected with M. marinum (Fig. 2).
None of the differences in mRNA induction were due to vari-
ations in the RNA isolation procedure, since equivalent
amounts of �-actin mRNA (a “housekeeping gene”) were ex-
pressed by monocytes infected with either of the two mycobac-
teria.

M. marinum induces significantly less IL-8 protein than M.
tuberculosis. To confirm the SSH results, we used ELISA to
measure the IL-8 concentrations in culture supernatants from
U937 cells 18, 48, and 96 h after equivalent levels of infection

FIG. 1. Phagocytosis of mycobacteria by U937 cells. Differentiated
U937 cells were incubated with opsonized mycobacteria (bacteria/
U937 cell ratios, 1:1, 10:1, or 20:1) for 2 h. Then, the cells were washed
free of bacteria and added to U937 cultures for 24 h. The cells were
fixed with 2% paraformaldehyde for 24 h before fluorescence-activated
cell sorter analysis. The values are the means � SD of three indepen-
dent experiments. *, P � 0.05. M. tbc, M. tuberculosis.

TABLE 1. Description of subtracted clones representing characterized genes

Clone no. Length (bp) Genea E valueb

A1 1,910 Human isoleucine-tRNA synthetase; mRNA 7.00E-67
A2 2,135 Human adenylate kinase 2 (AK2); mRNA 0
A3 597 Human ribosomal protein L19 (RPL19); mRNA E-122
A5 1,605 Human IL-8; clone MGC:9211 0
A6 1,910 Human isoleucine-tRNA synthetase; mRNA 2.00E-64
A8 1,560 Human IL-8; mRNA and human mRNA for monocyte-derived neutrophil

chemotactic factor
0

A9 NAc

A11 1,605 Human IL-8; clone MGC:9211 0
B1 NA
B3 1,659 Human IL-10 receptor beta (IL10RB); mRNA E-130
C2 3,794 Human thioredoxin reductase 1 (TXNRD1); mRNA E-115
C3 2,848 Human poly(A)-binding protein cytoplasmic 1 (PABPC1) 5.00E-56

a A common name of the gene.
b Number of sequence alignments with an equivalent or superior score expected to have been found purely by chance.
c NA, not analyzed.
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with M. tuberculosis and M. marinum. As shown in Fig. 3A,
IL-8 secretion in M. tuberculosis-infected cells was markedly
increased after 18 h of culture. The IL-8 levels remained ele-
vated for 18 to 48 h and were slightly decreased after 96 h of
culture compared with 18 h. In contrast, IL-8 induction was
significantly lower in M. marinum-infected cells than in M.
tuberculosis-infected cells at 18 (P � 0.05), 48 (P � 0.01), and
96 (P � 0.01) h.

Since IL-8 production decreased in U937 cells after infec-
tion with M. marinum, parallel experiments were performed to
measure IL-8 production by human monocytes and MDM in-
fected with the two mycobacteria after 96 h of culture (Fig.
3B). Significant differences were observed between IL-8 se-
creted by human monocytes (P � 0.01) and MDM (P � 0.001)
infected with M. tuberculosis and M. marinum, as seen in U937
cells.

Neither viability nor bacterial load influences IL-8 produc-
tion by M. marinum-infected cells. To investigate whether my-
cobacterial viability influences the induction of IL-8 during
infection, we evaluated IL-8 production in human monocytes
infected with live and dead M. tuberculosis and M. marinum.
IL-8 production in monocytes infected with live M. tuberculosis
was significantly higher after 24-, 48-, and 96-h incubations
than in those infected with dead M. tuberculosis (P � 0.05 for
both 24 and 48 h; P � 0.01 for 96 h). By contrast, no significant
differences were observed between the IL-8 concentrations in
monocytes infected with live and dead M. marinum (Fig. 4A).
Importantly, IL-8 production by cells infected with live and
dead M. marinum was significantly depressed on days 1
through 4 compared with that in cells infected with M. tuber-
culosis.

Next, we evaluated IL-8 secretion by human monocytes in-
fected with mycobacteria at various MOIs (1, 10, 25, and 50).
Although the mean IL-8 production by M. marinum-infected
monocytes increased slightly with bacterial load at MOIs of 1

and 10, the M. marinum-infected monocytes still secreted sig-
nificantly less IL-8 than those infected with M. tuberculosis at
an MOI of 10 (Fig. 4B). Therefore, we confirmed that neither
the viability nor the MOI of M. marinum affects the ability to
induce IL-8 production in human monocytes.

M. marinum induces significantly less IL-8 protein than
other mycobacterial strains. To determine whether IL-8 pro-
duction varied in response to different mycobacterial strains,
IL-8 levels were compared in human monocytes infected with
three other mycobacterial strains (M. tuberculosis H37Ra, M.

FIG. 2. Northern blot analysis of differential signals in the screen-
ing. Each lane contains 20 �g of total RNA from M. tuberculosis-
infected U937 cells and M. marinum-infected U937 cells/ml. The blot
was hybridized with the IL-8 probe used for Northern analysis. A
higher IL-8 expression level was observed in M. tuberculosis-infected
cells. Loading equality was demonstrated using a �-actin probe (bot-
tom).

FIG. 3. Kinetics of mycobacterium-induced IL-8 secretion from
U937 cells. (A) U937 cells were infected with M. tuberculosis (M. tbc)
or M. marinum (MOI � 10) for 2 h. The cell culture supernatants were
harvested 18, 48, and 96 h following infection, and IL-8 protein was
measured by ELISA. Statistical differences were measured for cells
infected with M. tuberculosis compared to cells infected with M. mari-
num. *, P � 0.05; **, P � 0.01. (B) Human monocytes and MDM were
infected with M. tuberculosis or M. marinum (MOI � 10) for 2 h. IL-8
was measured by ELISA in the culture supernatants 48 (for MDM) or
96 (for monocytes) h following infection. The cells infected with M.
tuberculosis and M. marinum were compared statistically. *, P � 0.05;
**, P � 0.01. The error bars indicate SD.
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bovis BCG, and M. smegmatis) or S. enterica serovar Typhi-
murium or incubated with 0.005% latex beads. IL-8 induction
by the three mycobacteria was significantly greater than induc-
tion by M. marinum at 96 h. M. marinum induced significantly
lower IL-8 concentrations than M. tuberculosis H37Ra (P �
0.01), M. bovis BCG (P � 0.001), and M. smegmatis (P � 0.01)
(Fig. 5A). S. enterica serovar Typhimurium-infected cells also
had significantly increased IL-8 production compared with M.
marinum (P � 0.01), whereas latex particles had no significant
effect on IL-8 induction in human monocytes. In addition, IL-8
induction by M. tuberculosis was significantly lower than induc-

tion by M. tuberculosis H37Ra (P � 0.05), M. bovis BCG (P �
0.01), or M. smegmatis (P � 0.01).

To investigate whether IL-8 suppression is a general feature
of M. marinum, IL-8 levels in human monocytes infected with
two clinical strains of M. marinum were measured and com-
pared with those of cells infected with the strain in this study.
As shown in Fig. 5B, the IL-8 levels in human monocytes
infected with each strain of M. marinum were significantly
lower than those of cells infected with M. tuberculosis H37Rv.

FIG. 4. Effects of viability or bacterial load on M. marinum-induced
IL-8 secretion by human monocytes. (A) Secretion of IL-8 by human
monocytes infected with either live or killed mycobacteria. Cell super-
natants were obtained 24, 48, or 96 h after infection with each myco-
bacterium, and IL-8 protein production was measured by ELISA.
(B) IL-8 production by M. marinum at progressively higher MOIs (1,
10, 25, and 50). The IL-8 production data were obtained 48 h after
infection with each mycobacterium. The data are expressed as the
mean 
 SD of triplicate supernatant samples. The cells infected with
M. tuberculosis (M. tbc) and M. marinum were compared statistically. *,
P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG. 5. Mycobacterium-induced IL-8 secretion from human mono-
cytes. (A) Human monocytes were infected with M. tuberculosis, M.
tuberculosis H37Ra, M. bovis BCG, M. smegmatis, M. marinum, or S.
enterica serovar Typhimurium (MOI � 10) for 2 h. Cell culture super-
natants were harvested 96 h following infection, and IL-8 protein was
measured by ELISA. (B) IL-8 concentrations in the supernatants of
human monocyte cultures collected 96 h following infection with M.
tuberculosis (M. tbc), M. marinum ATCC 927, and two clinical isolates.
Data are expressed as the mean � SD of triplicate supernatant sam-
ples. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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In addition, there was no significant difference in IL-8 secre-
tion among cells infected with different strains of M. marinum.

Activation of I�B� by mycobacterial strains. To identify
possible mechanisms for the differential IL-8 production, we
compared I�B	 degradation in U937 cells infected with M.
tuberculosis and M. marinum. Kinetic analysis of M. tuberculo-
sis-induced I�B	 degradation in U937 cells revealed gradual
replacement of I�B	 levels (Fig. 6A) up to 1 h. Partial recovery
of I�B	 levels was seen after the initial 1 h of infection.

Because M. tuberculosis-induced U937 cells showed de-
creased I�B	 levels, indicating degradation, we next compared
I�B	 degradation in U937 cells infected with M. tuberculosis
and M. marinum at a 10:1 bacteria-to-cell ratio. As shown in
Fig. 6B, loss of I�B	 reactivity was first observed at 30 min in
all infected U937 cells, but more I�B	 degradation was seen in
cells infected with M. tuberculosis than in cells infected with M.
marinum after 1 h of infection. Restoration of I�B	 levels in all
mycobacterium-infected U937 cells was seen after 2 h of cul-
ture. More I�B	 degradation was seen in M. tuberculosis-in-
fected cells than in M. marinum-infected cells at all time points.

In contrast, stable levels of I�B	 protein were observed at all
time points in unstimulated U937 cells (data not shown), sug-
gesting that I�B	 degradation in U937 cells after infection
depends on phagocytosis of mycobacteria.

DISCUSSION

Although M. marinum is very closely related to the M. tu-
berculosis complex according to DNA-DNA homology, little is
known about M. marinum infection in human macrophages.
We studied differential gene expression profiles in M. tubercu-
losis- and M. marinum-infected human monocytic cells using
SSH. The expression of IL-8 mRNA and protein was greater in
M. tuberculosis-infected cells than in cells infected with M.
marinum. Like other mycobacteria, M. marinum can enter both
macrophages and epithelial cells, and the levels of entry after
infection are similar at 33 and 37°C (24). We used the human
monocytic cell line U937 as an in vitro host model and found
that M. marinum entered U937 cells efficiently. Our results
demonstrate that the percentage of cells infected with M. ma-
rinum did not significantly differ from the percentage infected
with M. tuberculosis at 37°C. Therefore, differences in IL-8
secretion between M. marinum and other mycobacterial strains
are unlikely to have resulted from the level of entry; instead,
they may represent differential host responses to the mycobac-
teria.

Using SSH, we obtained genes involved in the stress re-
sponse (thioredoxin reductase, which is involved with the al-
teration of the redox status) and apoptosis (adenylate kinase
2), thioredoxin reductase genes, and the IL-8 gene in M. tu-
berculosis-infected U937 cell-specific cDNA. A previous study
using SSH identified differentially expressed genes for Ym1 (a
macrophage protein) and FIZZ1 (a novel cysteine-rich se-
creted protein) in activated macrophages infected with a
Trypanosoma brucei brucei variant (26). Another study sug-
gested that the regions deleted from M. bovis BCG show that
genes classified as transcriptional regulators are lost dispropor-
tionately and that they may control the expression of genes
required for virulence in M. tuberculosis and M. bovis (5). Our
studies confirmed that SSH is useful for identifying genes that
are differentially expressed in host cells infected with compa-
rable mycobacteria. Further studies will characterize the func-
tions of other differentially expressed genes observed in our
study.

We focused on IL-8 because it has a central role in leukocyte
recruitment to areas of granuloma formation in TB. IL-8 is a
CXC chemokine that is also chemotactic for T lymphocytes,
and it has a pivotal role in controlling cellular influx into sites
of infection (2). At the cellular level, phagocytosis of M. tuber-
culosis by monocytic cells is an important stimulus for IL-8
secretion (2, 18, 37). Previous studies emphasized the roles of
IL-8 in early host responses during M. tuberculosis infection in
humans (14) and animals (17). Our present experiments
showed that M. tuberculosis infection led to greater IL-8 pro-
duction in U937 cells than M. marinum infection. Additionally,
the differential expression of IL-8 secretion was repeatedly
observed in human primary monocytes and MDM and per-
sisted for 96 h. These findings strongly support the important
role of IL-8 in the human immune response to M. tuberculosis
infection and its possible role in host macrophages for deter-

FIG. 6. Induction of I�B	 in mycobacterium-infected U937 cells.
Cytoplasmic extracts were assessed for IkB	 activity by Western blot
analysis. Protein from equal numbers of cells was loaded in each lane.
(A) Kinetic analysis of IkB	 activity in U937 cells infected with M.
tuberculosis H37Rv. (B) Activation of IkB	 by U937 cells infected with
M. tuberculosis H37Rv and M. marinum. The MOI was 10.
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mining the different pathological responses to M. tuberculosis
and M. marinum.

We demonstrated that the depressed expression of IL-8 seen
in M. marinum-infected cells was unaffected by the viability or
MOI of the mycobacteria. A previous study indicated that the
survival of M. smegmatis was significantly reduced 4 to 72 h
postinfection in macrophages (13), whereas in the present
study its IL-8 producing activity was significantly greater than
that of M. tuberculosis or M. marinum. Our data are partially
consistent with previous findings in that the levels of IL-8
produced from neutrophils incubated with M. tuberculosis were
markedly lower than those produced following incubation with
fast-growing M. smegmatis (11). However, the depressed IL-8
secretion by M. marinum-infected cells was unique, compared
with that by cells infected with various strains of mycobacteria
with high or low growth rates. Furthermore, depressed IL-8
production was clearly observed with two other clinical isolates
of M. marinum, suggesting that decreased IL-8 secretion in M.
marinum-infected cells is a general phenomenon with the spe-
cies. Combined, these results suggest that the ability of myco-
bacteria to induce IL-8 production in monocytes does not
reflect bacterial viability or growth rate but is a property of the
mycobacterial strain.

Several studies have demonstrated that cytokine secretion is
correlated with the virulence of mycobacteria. Our data show
that M. tuberculosis-induced IL-8 levels are significantly lower
than those induced by M. tuberculosis H37Ra, M. bovis BCG,
and M. smegmatis. The relative virulences of different isolates
of Mycobacterium avium have been linked to their capacities to
induce proinflammatory cytokines from macrophages (36). In
addition, virulent strains of mycobacteria were found to acti-
vate more tumor necrosis factor (TNF) production in alveolar
macrophages than did attenuated strains (10). However, there
are contrary findings. The responses of TNF-	 and IL-10 in
primary human alveolar macrophages to M. tuberculosis infec-
tion were found not to be correlated with microbial virulence
(16). In addition, M. tuberculosis strains H37Rv and H37Ra
induced comparable amounts of TNF-	 in human alveolar
macrophages (15). Therefore, consistent conclusions concern-
ing the induction of IL-8 protein require the analysis of more
strains.

Although little is known about the mechanisms controlling
IL-8 secretion by mycobacteria in TB, a recent study indicated
that protein tyrosine kinases regulate IL-8 secretion from M.
tuberculosis-infected monocytes (1). Additionally, the ERK1/2
and p38 cascades play key roles in IL-8 production by mono-
cytes stimulated with bacterial fractions (21). Since the IL-8
gene promoter contains a number of binding sites, including
that of NF-�B (23), we compared I�B	 degradation in cells
infected with M. tuberculosis and M. marinum. Our data
showed that the degradation of I�B	, the major cytoplasmic
inhibitor of NF-�B, was more pronounced in M. tuberculosis-
infected U937 cells than in M. marinum-infected cells. Previous
studies demonstrated that virulent M. tuberculosis and aviru-
lent M. tuberculosis H37Ra caused comparable degradation of
I�B	 in human monocytes (35). Another study, using different
strains of Helicobacter pylori, showed that the abilities of bac-
teria to activate NF-�B activity are correlated with the levels of
IL-8 that they induce (29). The results of previous studies and
ours led us to hypothesize that the difference in IL-8 secretion

between human monocytes infected with M. tuberculosis and
M. marinum might be modulated by differential I�B	 degra-
dation.

In summary, this study is the first to demonstrate differential
expression of IL-8 in human monocytes infected with M. tu-
berculosis and M. marinum. Further studies are needed to
clarify the underlying mechanisms involved in depressed IL-8
expression by M. marinum-infected human macrophages.
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