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We have previously shown that Mycobacterium tuberculosis attenuates cell surface expression of major
histocompatibility complex class II molecules in response to gamma interferon (IFN-y) by a mechanism
dependent on intracellular sequestration of o, dimers. In this study we examined whether intracellular
alkalinization due to mycobacterial urease could account for the defect in intracellular trafficking of class II
molecules. Phagocytosis of wild-type Mycobacterium bovis BCG was associated with secretion of ammonia
intracellularly, which increased substantially upon addition of exogenous urea to the culture medium. In-
creased intracellular ammonia, due to urea degradation by the bacterium, correlated with inhibition of class
II surface expression. Conversely, no ammonia was detected in cells infected with a urease-negative mutant
strain of M. bovis BCG, which also displayed a reduced effect on surface expression of class II molecules. A
direct cause-effect relationship between urease and class II molecule trafficking was established with experi-
ments where cells ingesting beads coated with purified urease showed an increased ammonia level and
decreased surface expression of class II in response to IFN-y. In contrast to BCG, infection of macrophages
with Mycobacterium smegmatis, which expresses relatively greater urease activity in cell-free culture, had a
marginal effect on both the intracellular level of ammonia and class II expression. The limited effect of M.
smegmatis was consistent with a failure to resist intracellular killing, suggesting that urease alone is not
sufficient to resist macrophage microbicidal mechanisms and that this is required for a more distal effect on
cell regulation. Our results demonstrate that alkalinization of critical intracellular organelles by pathogenic

mycobacteria expressing urease contributes significantly to the intracellular retention of class II dimers.

The integration of various multidisciplinary studies over the
past decade has contributed to a better understanding of the
pathogenesis of tuberculosis. In particular, there has been a
substantial increase in our understanding of the host immune
response to tuberculosis and the requirements for protective
immunity (14, 30).

The usual response of macrophages to infection is to imple-
ment a range of complex mechanisms that act rapidly to
neutralize and kill ingested microorganisms (39). This allows
macrophages to process and present microbial antigens to an-
tigen-specific T cells in the context of major histocompatibility
complex (MHC) cell surface molecules (5, 38). Activated T
cells with enhanced capacity to secrete gamma interferon
(IFN-v) in turn activate macrophage bactericidal mechanisms
along with enhanced surface expression of MHC class II mol-
ecules and other costimulatory molecules (3, 13, 47). However,
cells infected with Mycobacterium tuberculosis show a distinctly
different phenotype. In particular, mononuclear phagocytes
infected with pathogenic mycobacteria, such as M. tuberculosis
or its variant, Mycobacterium bovis BCG, have a diminished
capacity to present antigen to T helper cells (16, 37) and are
poor responders to IFN-y in terms of the expression of MHC
class II molecules (20, 22, 28, 29). As the ability of M. tuber-
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culosis to evade the host immune response contributes largely
to its success as a pathogen, the mechanisms underlying atten-
uation of macrophage class II expression and antigen presen-
tation function are of significant interest.

IFN-v regulates the expression of class II genes primarily at
the level of transcription, and this requires induction of the
class II transactivator (CIITA) (40); expression of the CIITA
gene itself is dependent on STAT1 signaling (6, 7, 43). Our
investigators have previously provided direct evidence that
IFN-y-induced STAT1 activation and expression of the CIITA
gene occur normally in macrophages infected with M. tubercu-
losis. Additional analysis showed normal steady-state levels of
class II molecules in infected cells, indicating distal effects on
class II expression likely involving maturation and transport to
the cell surface (20).

Newly synthesized class II « and B chains associate with
invariant (Ii) chain and then exit the endoplasmic reticulum,
subsequently localizing to an acidic endosomal-lysosomal com-
partment referred to as the MHC class II compartment (MIIC)
(5). In the MIIC, the i chain is removed and class II molecules
mature into peptide-loaded stable dimers. Removal of the Ii
chain and peptide loading are believed to be critical for ap-
propriate class II molecule export to the cell surface (24).
These events are likely candidates for disruption in cells har-
boring live mycobacteria (20), and alkalinization of the endo-
somal-lysosomal compartment by mycobacteria is a potential
mechanism to explain retarded maturation of class II dimers in
infected cells. Mycobacterial urease, an enzyme that hydro-
lyzes urea into carbon dioxide and ammonia (27), has the
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potential to be active within the host cell, thereby leading to
inadequate acidification of the MIIC and processing of class II
complexes. Consequently, immature class IT molecules may be
retained in the endocytic compartment. This hypothesis is sup-
ported by the finding that treatment of cells with the weak base
ammonium chloride also inhibits maturation of class II mole-
cules (20). Inhibition of at least some proteolytic events by
alkalinization is also consistent with the finding that mycobac-
teria resist intracellular degradation (2, 8).

In the present study, we examined further the basis for
diminished trafficking of class II molecules to the cell surface in
cells infected with pathogenic mycobacteria. The results ob-
tained provide evidence for direct involvement of mycobacte-
rial urease in preventing normal expression of MHC class II
molecules at the cell surface.

MATERIALS AND METHODS

Reagents and chemicals. RPMI 1640, Hanks balanced salt solution (HBSS),
phorbol myristate acetate (PMA), protease inhibitor mixture, phenylmethylsul-
fonyl fluoride, and trypsin-EDTA were obtained from Sigma-Aldrich (Oakville,
Ontario, Canada). Latex beads (4-pm diameter) were from Interfacial Dynamics
Inc. (Portland, Oreg.). Anti-human HLA-DR monoclonal antibody (MADb; clone
HL38; immunoglobulin G1 [IgG1]) and irrelevant IgG1 MADb were from Caltag
Laboratories (San Francisco, Calif.). Anti-phospho-STAT1 (Tyr-701) MAb was
from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.). Fluorescein isothio-
cyanate (FITC)-conjugated F(ab’), goat anti-mouse IgG and horseradish per-
oxidase-conjugated goat anti-mouse IgG were from Sigma. Human recombinant
IFN-y was a generous gift of Genentech (South San Francisco, Calif.).

Mycobacteria strains. A urease-negative isogenic mutant strain of BCG was
constructed by allelic exchange involving replacement of the ureC gene with a
kanamycin-disrupted copy (ureC::aph) (42). The urease-negative mutant
(BCGUre™) was used along with the parental strain M. bovis BCG wild type
(BCGUre"). M. smegmatis (mc*155) was provided by R. Stokes. The green
fluorescent protein (GFP) expression plasmid pSC301 was provided by Y. Av-
Gay and used to transform BCGUre™ and M. smegmatis organisms as previously
described (10). Positive clones were checked for green fluorescence at N excita-
tion and emission wavelengths of 360 and 520 nm in a VersaFluor fluorometer
(Bio-Rad Laboratories, Hercules, Calif.). Mycobacterial strains were grown in
Middlebrook 7H9 broth (Difco, Detroit, Mich.) supplemented with 10% (vol/
vol) oleic acid-albumin-dextrose solution (OADC; Difco) and 0.05% (vol/vol)
Tween 80 (Sigma) at 37°C to an Ag, of 0.5 on a rotating platform (50 rpm).
Bacteria were harvested by centrifugation, and pellets were suspended in com-
plete medium plus 10% glycerol. Mycobacteria cultures were stored in aliquots
(~5 X 10® cells/vial) at —70°C. Prior to infection, bacteria were grown for 48 h
in 7H9-OADC and opsonized as follows: 10° mycobacteria were suspended in 1
ml of RPMI containing 50% human serum (AB") and PPD ™ and rocked for 30
min at 37°C. Bacteria were then pelleted and suspended in 1 ml of RPMI, and
clumps were disrupted by multiple passages through a 25-gauge needle. To
evaluate the phagocytosis of mycobacteria by THP-1 cells, bacteria (10%/ml) were
labeled by incubation with rhodamine isothiocyanate (RITC; Sigma) at 1 pg/ml
in 7H9 for 2 h at 37°C. Thereafter, RITC-labeled bacteria were washed twice
with 7H9 and then opsonized and used for infection as described above. CFU
counts and analysis of proteins secreted in culture medium supplemented with
[*S]methionine showed that both control and labeled bacteria expressed similar
viabilities and protein profiles, indicating that RITC labeling did not alter bac-
terial metabolism (data not shown).

Differentiation and infection of THP-1 cells. The monocytic cell line THP-1
(American Type Culture Collection, Rockville, Md.) was cultured in RPMI
supplemented with 5% fetal calf serum (Life Technologies, Burlington, Ontario,
Canada), L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100
pg/ml). Cells were seeded at a density of 10%/cm? and allowed to adhere and
differentiate in the presence of PMA (20 ng/ml) at 37°C in a humidified atmo-
sphere of 5% CO, for 24 h. Depending on the quantity of cell material needed,
3-, 6-, or 10-cm-diameter cell culture dishes (Becton Dickinson, Franklin Lakes,
N.J.) were used. Cells were then washed three times with HBSS, and adherent
monolayers were replenished with culture medium without antibiotics and in-
fected with opsonized mycobacteria (bacterium/cell ratio of 50:1). After a period
of 3 h, partially attached, noningested bacteria were removed by 5-min treatment
with trypsin-EDTA and extensive washing with HBSS. This resulted in an infec-
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tion rate of 80 to 90% with an approximate range of 5 to 15 bacteria per cell. For
quantitative evaluation of phagocytosis, THP-1 monolayers were incubated with
opsonized RITC-labeled bacteria for 3 h at 37°C. After treatment with trypsin-
EDTA and washing with HBSS, the number of cells loaded with bacteria was
measured by flow cytometry.

Coating of latex microspheres with urease. Latex beads were coated with
urease from Bacillus, which is closely related to mycobacterial urease (9). Beads
were washed twice with 25 mM morpholineethanesulfonic acid buffer (pH 5.5),
and pellets were resuspended in the same buffer containing 500 pg of either
Bacillus pasteuri urease (~200 U/mg of protein; Sigma) or bovine serum albumin
(BSA; control)/ml. After overnight incubation at room temperature on a shaker,
latex beads were washed twice with HBSS and resuspended in RPMI. Urease
activity of coated beads was routinely verified prior to each experiment by 1 h of
incubation at 37°C in broth medium containing urea and phenol red (42).

Cell staining and flow cytometry. To measure cell surface expression of MHC
class II, cells were incubated with anti-HLA-DR MADb or irrelevant isotype-
matched IgG1 for 20 min and then washed twice and labeled with FITC-conju-
gated F(ab’), goat anti-mouse IgG for 20 min. All staining and washing proce-
dures were performed at room temperature in HBSS containing 0.1% NaN; and
1% fetal calf serum. To control for cell viability, cells were incubated with
propidium iodide (0.5 pg/ml in staining buffer) for 10 min. The cells were then
washed twice and fixed in 2% paraformaldehyde in staining buffer. The combi-
nation of 2% paraformaldehyde plus 0.1% NaNj killed both free and cell-
associated bacteria. Cell fluorescence was analyzed using a FACSCalibur flow
cytometer (Becton Dickinson). Viable cells were identified by exclusion of pro-
pidium iodide. Relative fluorescence intensities of 10,000 cells were recorded as
single-parameter histograms (log scale; 1,024 channels; four decades), and the
mean fluorescence intensity (MFI) was calculated for each histogram. Results
are expressed as the MFI index, which corresponds to the following ratio: (MFI
of cells plus specific Ab)/(MFI of cells plus irrelevant isotype-matched IgG).

Fluorescence microscopy. PMA-treated THP-1 cells were adhered to tissue
culture-treated coverslips (Fisher Scientific, Nepean, Ontario, Canada) in 24-
well plates and infected with opsonized RITC-labeled bacteria. After IFN-y
treatment, intracellular staining was performed as follows: cells were washed
with phosphate-buffered saline (PBS), fixed for 15 min at 37°C with 2.5% para-
formaldehyde-PBS, and then washed three times and permeabilized in PBS
containing 0.2% saponin and 10% normal goat serum for 5 min. Cells were then
incubated with anti-HLA-DR MADb in PBS-saponin-normal serum for 30 min at
room temperature, washed, and stained with FITC-conjugated goat anti-mouse
IgG. At the end of the staining procedure, samples were washed three times with
PBS and once with distilled water. Coverslips were then mounted in FluorSave
(Calbiochem-Novabiochem Corp., La Jolla, Calif.) to minimize photobleaching,
and slides were examined using an epifluorescence microscope (Zeiss Axioplan
II; Carl Zeiss Inc., Thornwood, N.Y.). A 60X oil objective with numerical
aperture of 1.4 was used, and images were captured such that the xyz dimensions
were 0.2 wm?>. Images were recorded using a charge-coupled device camera and
Northern Eclipse software with digital deconvolution capabilities (Empix Imag-
ing Inc., Mississauga, Ontario, Canada). The green and red images were assigned
to individual RGB channels, and the images collected in the red and green
channels were merged to visualize the relative positional distribution of the two
fluorochromes. Red and green overlapping fluorescence was reflected by a yel-
low signal. To control for nonspecific binding, secondary Ab was used alone,
which gave negligible signals in the absence of primary Ab.

Western blotting for STAT1. Control and infected cells were treated with
IFN-y for 15 min and then washed with HBSS, and whole-cell lysates were
prepared as described previously (20). Proteins were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (50 pg/lane) and immunoblotting with
anti-phospho-STAT1. Blots were developed by enhanced chemiluminescence.

RNA isolation and RT-PCR. RNA preparation, cDNA synthesis, and PCR
conditions were described previously (20, 32). Sequences of oligonucleotide
primers used in PCR amplifications were as follows: DRA sense, CGA GTT
CTA TCT GAA TCC TGA CCA; DRA antisense, GTT CTG CTG CAT TGC
TTT TGC GCA; B-actin sense, CAC CCC GTG CTG CTG ACC GAG GCC;
B-actin antisense, CCA CAC GGA GTA CTT GCG CTC AGG. Controls
included in the reverse transcriptase PCRs (RT-PCRs) were no RNA and RNA
without RT.

Measurement of intracellular ammonia. Control and THP-1 cells ingesting
bacteria or coated beads were washed twice with HBSS and scraped in 100 pl of
HBSS. Cell suspensions were then sonicated for 5 s in a Sonic Dismembrator 60
(Fisher Scientific) in ice, and cell debris and membranes were removed by
centrifugation at 12,000 X g for 30 min at 4°C. Soluble fractions were then
assayed for ammonia by the fluorometric method described by Sugawara and
Oyama (44). In brief, 50-pl-size samples adjusted to 50 g of protein were added
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FIG. 1. M. bovis BCG inhibits surface expression of HLA class II
molecules despite normal STAT1 signaling and MHC gene expression.
(A) PMA-treated THP-1 cells were incubated with opsonized live
(LBCG) or heat-killed M. bovis BCG (KBCG) at a bacterium/cell ratio
of 50:1, or with NH,Cl (20 mM) for 24 h, and then IFN-y (200 U/ml)
was added for 24 h. Cells were incubated for 20 min at 4°C with
anti-HLA-DR or irrelevant MAD. After two washes, cells were labeled
with FITC-conjugated F(ab’), goat anti-mouse IgG for 20 min, washed
and fixed, and analyzed by flow cytometry. Results are expressed as
histograms of fluorescence intensity; solid lines represent cells stained
with anti-HLA-DR MAD, and dashed lines represent cells stained with
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to 3 ml of 50 mM phosphate buffer (pH 8) and received 100 pl of a mixture of
5 uM o-phthaldehyde and 5 uM dithiothreitol in ethanol. After 3 h of incubation
at room temperature in the dark, fluorescence was measured at \ excitation and
emission wavelengths of 360 and 520 nm. Ammonia concentration was calculated
by reference to a standard curve using a range (1 to 100 nM) of NH,SO,

concentrations.
Statistical analysis. All data are expressed as the mean * the standard devi-

ation (SD). Statistical analysis was performed using Student’s ¢ test. P values of
<0.05 were considered to be significant.

RESULTS

MHC class II expression and IFN-y signaling in cells in-
fected with M. bovis BCG. Initial experiments examined surface
expression of MHC class II molecules by PMA-differentiated
THP-1 cells in response to infection with M. bovis BCG. Cell
surface labeling and flow cytometry analysis indicated that
expression of HLA-DR in response to IFN-y was significantly
reduced in infected cells (53% decrease) (Fig. 1A). In contrast,
constitutive and IFN-y-induced expression of class I molecules
and the expression of additional unrelated surface markers,
such as CD18 and transferrin receptor, were unchanged in
infected cells (data not shown), indicating that the inhibitory
effect of BCG on MHC class II expression is selective. Com-
pared to live BCG, phagocytosis of heat-killed (2 h, 60°C) BCG
led to only a partial attenuation (12% decrease) of IFN-vy-
induced HLA-DR expression, indicating that attenuation of
class II molecule expression is mostly dependent on metabol-
ically active bacteria. Similar data were obtained with bacteria
killed by gentamicin (50 pg/ml; 30 min) (data not shown),
suggesting that the lack of class II inhibition in the presence of
killed bacteria was not due to protein inactivation at the sur-
face of the bacterium.

Similar to viable BCG, incubation of cells with ammonium
chloride, which is known to inhibit maturational processing of
class II molecules (20), significantly decreased (70%) surface
expression of class II (Fig. 1A).

The transcription of MHC class II genes in response to
IFN-vy is known to be dependent upon signaling through the
IFN-v-activated DNA-binding protein STAT1 (11, 18). To ex-
amine whether attenuation of IFN-vy-induced expression of
class II molecules by BCG was related to impaired signaling

irrelevant isotype-matched IgG. Values in the top right of each panel
indicate MFT indices, which correspond to the ratio the MFI of cells
incubated with specific Ab to the MFI of cells stained with irrelevant
isotype-matched IgG. The data shown are representative of results
obtained in three separate experiments. (B) Control and infected cells
were washed with HBSS and incubated with IFN-y (200 U/ml) for 15
min at 37°C. Cell lysates were generated with modified radioimmuno-
precipitation assay buffer, and soluble material was separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes. Membranes were probed with
anti-phospho-STAT1 MAD and developed by using enhanced chemi-
luminescence. The Ab recognized a second protein band below
STAT1, which indicated equal protein loading from all treatment
samples. The data shown are from one of two independent experi-
ments that yielded similar results. (C) Differentiated cells were incu-
bated in medium alone (CTRL) or with opsonized BCG organisms
(bacterium/cell ratio of 50:1) for 24 h, and then IFN-y (200 U/ml) was
added for an additional 24 h. RNA was isolated, and RT-PCR was
carried out using various RNA concentrations as described elsewhere
(20, 32). The data shown are from one of two independent experiments
that yielded similar results.
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FIG. 2. Intracellular accumulation of class II molecules in ammonia-treated and BCG-infected cells. THP-1 cells adhering to tissue culture
coverslips were treated with NH,Cl (20 mM) or infected with live or killed RITC-labeled BCG for 24 h. Cells were then stimulated with IFN-y
for 24 h, fixed, permeabilized, and stained with anti-DR MAb and FITC-labeled secondary Ab as described in Materials and Methods. Labeled
cells were analyzed with digital confocal microscopy, and optical sections (0.2 pm) were scanned for green and red fluorescence. The images are
displayed in panels with green (HLA-DR), red (bacteria), and yellow signals, the latter depicting colocalization of green with red. Dotted lines
represent the cell membrane delimitation deducted from bright-field images. Bar, 10 pm.

through the STAT1 pathway, infected and noninfected THP-1
cells were incubated with IFN-y for 15 min and cell lysates
were analyzed for tyrosine phosphorylation of STAT1. IFN-y-
induced tyrosine phosphorylation of STAT1 was not influ-
enced by infection with BCG (Fig. 1B). In other experiments,
total RNA was isolated from IFN-y-stimulated control and
BCG-infected cells, and RT-PCR was performed with primers
for DRA and B-actin and different dilutions of RNA. The
results shown in Fig. 1C demonstrate that mRNA levels for
DRA induced by IFN-y were apparently normal in cells in-
fected with BCG, and further analysis of DNA bands by den-
sitometry showed that infection induced less than 10% dimi-
nution of DRA mRNA (data not shown). These findings
indicate that BCG infection of human monocytic cells affects
surface expression of class II molecules at a posttranscriptional
level, contrasting with a previous report showing decreased
CIITA and MHC II mRNA expression in murine macrophages
infected with M. tuberculosis (34).

Intracellular sequestration of MHC class II molecules in
cells infected with M. bovis BCG. Differentiated THP-1 cells
were infected with RITC-labeled BCG (red fluorescence) and

stained with Ab to HLA-DR and FITC-labeled secondary Ab
(green fluorescence). Samples were then examined with digital
confocal microscopy. In IFN-y-treated control cells and in cells
infected with killed BCG, the staining pattern of HLA-DR
showed a random distribution throughout the cell with a no-
tably bright peripheral staining (Fig. 2). In contrast, cells either
infected with live BCG or treated with ammonium chloride
showed vesicles of various sizes retained within the cytosolic
compartment in a perinuclear distribution. Peripheral and cell
membrane staining was negligible. In addition, colocalization
of class II with live BCG was markedly less than that observed
with killed bacteria. As previously observed in cells infected
with M. tuberculosis (20), defective cell surface targeting of
class IT molecules in BCG-infected cells appears to be related
to intracellular sequestration.

Urease-defective mutant M. bovis BCG is less potent in
reducing class II expression: contribution of exogenous urea.
The similarities between live BCG and ammonium chloride in
blocking surface expression of class II suggested the hypothesis
that mycobacteria may express urease in infected cells, leading
to alkalinization, via ammonia, of essential compartments
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where class I molecules are processed before export to the cell
surface. To investigate the effects of mycobacterial urease ex-
pression in infected cells, differentiated THP-1 cells were in-
fected with either BCGUre™ or mutant BCGUre for 24 h
followed by an additional 24-h stimulation with IFN-y. Cells
were then stained for class II molecules and analyzed by flow
cytometry. Results obtained from five independent experi-
ments (Fig. 3A) demonstrated that mutant BCGUre was sig-
nificantly attenuated in its capacity to block class II expression
(35.2% = 2.0% inhibition) in comparison to results with wild-
type BCGUre™ (55.5% = 1.6%). Given that urease-positive
mycobacteria are able to produce substantial quantities (up to
20 mM) of ammonia in cell-free culture (17), we anticipated
that this would also occur in cells infected with BCGUre* and
that this would be accompanied by more substantial inhibition
of class II expression by BCGUre™ in comparison to that with
BCGUre™. One factor that might have explained the limited
difference between wild-type and mutant BCG could have
been limited availability of the urease substrate within the host
cell, thereby constraining ammonia production. Indeed, addi-
tion of 50 mM urea to the culture medium, during infection
and treatment with IFN-v, led to dramatic attenuation (79.1%
+ 4.5% decrease) of class II expression in cells infected with
BCGUre* compared to results in the absence of urea (55.5%
+ 3.8% decrease) (Fig. 3A). Conversely, addition of exoge-
nous urea did not potentiate inhibition of class II surface
expression in cells infected with BCGUre ™. Similarly, the ad-
dition of urea did not alter class II expression in control non-
infected cells treated with IFN-y.

To exclude the possibility that differences between bacterial
strains on MHC class II expression could have been accounted
for by variable rates of infection, in each experiment parallel
cell cultures were infected with the same batch of either
BCGUre™* or BCGUre cells freshly labeled with RITC. Bac-
terial uptake was then measured by flow cytometry. Only ex-

FIG. 3. BCGUre" produces ammonia within the host cell and ex-
presses a higher anti-class II activity. (A) Adherent THP-1 cells were
infected with opsonized BCGUre™ or BCGUre™ at a bacterium/cell
ratio of 50:1, for 24 h in the absence or presence of urea. Cells were
then incubated with IFN-y (200 U/ml) for an additional 24 h. Cells
were stained for surface class II and analyzed by flow cytometry as
described in the legend to Fig. 1. MFI indices were deducted from
fluorescence histograms, and results are expressed as the percentage of
maximal class II surface expression (i.e., class II expression by cells
treated with IFN-y). (B) Adherent THP-1 cells were incubated with
opsonized RITC-labeled BCGUre* or BCGUre™ at a bacterium/cell
ratio of 50:1, for 3 h at 37°C. Partially attached, noningested bacteria
were removed by 5-min treatment with trypsin-EDTA and extensive
washing with HBSS. Samples were analyzed by flow cytometry. Results
are expressed as histograms of fluorescence intensity. Dashed lines
represent autofluorescence background (cells alone), and solid lines
represent cells exposed to fluorescent bacteria. The percentages of
positive cells are indicated in each panel. (C) Control and THP-1 cells
ingesting bacteria were washed twice with HBSS and sonicated for 5 s.
Cell debris and membranes were removed by centrifugation, and su-
pernatants were assayed for ammonia by the fluorometric method
described in Materials and Methods. Values in panel A are the mean
+ SD of five independent experiments; in panel B values represent one
of five independent experiments that yielded similar results; values in
panel C are the mean * SD of three independent experiments.
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periments in which both BCGUre™ and BCGUre displayed
similar infection rates, as shown in Fig. 3B, were analyzed.

To establish a correlation between attenuation of class II
expression and capacity to generate intracellular ammonia,
lysates were prepared from control cells and cells infected with
either wild-type or mutant BCG for 24 h, and these were
assayed for ammonia content. Figure 3C shows that after sub-
traction of background ammonia from control cells there was
nearly no production of ammonia in cells infected with
BCGUre™ while substantial levels of ammonia (11.7 = 1.2
nM/mg of protein) were detected in cells infected with
BCGUre ™. Moreover, this increased markedly (19.8 + 0.8
nM/mg of protein) when cells were incubated in the presence
of exogenous urea. These data suggest that infection with BCG
expressing urease is accompanied by ammonia production
within the host cell, with the capacity to affect class II traffick-
ing to the cell surface.

Urease-coated latex beads inhibit surface expression of
class II molecules. Latex beads coated with urease from B.
subtilis, which is closely related to mycobacterial ureases (9),
were used to examine more directly the role of urease in class
IT inhibition. THP-1 cells were incubated with coated beads
and stimulated with IFN-y. BSA-coated beads were used as a
control. Cells were then stained with anti-class II Ab and ex-
amined by flow cytometry. The results shown in Fig. 4A indi-
cate that cells that had ingested urease-coated beads had di-
minished surface expression of class II (27% inhibition) and
that the addition of various concentrations of urea (2 to 50
mM) to the system gradually potentiated the inhibitory effect
of urease-coated beads (35 to 55% inhibition). In addition,
inhibition of IFN-vy-induced class II expression by exogenous
urease correlated with the level of intracellular ammonia pro-
duced (Fig. 4B). Taken together, these data confirm those data
observed with BCG strains and suggest that (i) expression of
urease within the host cell is specifically contributing to inhi-
bition of class II, via ammonia production, and (ii) that this
effect is dependent on the availability of the substrate, urea.

Urease action is distal to bacterial survival within macro-
phages. Urease is also expressed by some nonpathogenic my-
cobacteria, such as M. smegmatis, M. phlei and M. vaccae (23).
This suggested the possibility that nonpathogenic, urease-pos-
itive mycobacterial strains could also down regulate expression
of MHC class II. To address this hypothesis, THP-1 cells were
infected with either BCGUre ™ or M. smegmatis in the presence
of exogenous urea and stimulated with IFN-y. Cells were then
stained for class II and analyzed by flow cytometry. Figure SA
shows that M. smegmatis had a limited effect on class II ex-
pression (~10% inhibition) compared to BCGUre* (75% in-
hibition). Parallel experiments examining phagocytosis of flu-
orescent BCG and M. smegmatis by flow cytometry showed
similar internalization levels for both bacteria (data not
shown), indicating that the lack of inhibition of class II mole-
cules by M. smegmatis could not be assigned to a reduced
bacterial internalization. Additional data obtained from the
ammonia assay showed that in contrast to BCGUre™, which
produced up to 20 mM ammonia/mg of protein, the production
of ammonia that could be specifically assigned to infection with
M. smegmatis was negligible (Fig. 5B). This was the case de-
spite the fact that M. smegmatis did express urease activity in
vitro (Fig. 5C). This discrepancy between urease production in
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FIG. 4. Ingestion of latex beads coated with urease increased in-
tracellular levels of ammonia and attenuated cell surface expression of
class II molecules. (A) Adherent THP-1 cells were exposed to latex
beads coated with urease (or BSA [control]) at a bead/cell ratio of 5:1.
Untreated cells were used as an additional control. After a period of
3 h of phagocytosis and a 1-h chase, cells were stimulated with IFN-y
(200 U/ml) for 24 h in the absence or presence (hatched bar) of 50 mM
urea. Cells were then stained with anti-class II and analyzed by flow
cytometry as described in the legend to Fig. 1. Results are expressed as
the mean = SD (n = 3) of maximal class II surface expression.
(B) Control and cells ingesting coated beads were incubated in the
absence or presence of various concentrations of urea for 5 h (3-h
phagocytosis and 2-h chase). Cells were washed twice with HBSS and
sonicated for 5 s. Cell debris and membranes were removed by cen-
trifugation, and supernatants were assayed for ammonia by the fluoro-
metric method described in Materials and Methods. Results are ex-
pressed as the mean = SD (n = 3) nanomolar concentration of
ammonia per milligram of protein.

vitro and in vivo was likely explained by the inability of M.
smegmatis to survive in vivo. Thus, measurement of CFU cor-
responding to bacteria isolated from infected THP-1 cells at
various times showed rapid intracellular clearance of M. smeg-
matis (up to 90% within 48 h), whereas BCGUre" organisms
were resistant to microbicidal activity of macrophages (less
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FIG. 5. Urease-positive, nonpathogenic M. smegmatis has a minor effect on class II expression and intracellular ammonia level. (A) Differ-
entiated THP-1 cells were incubated with opsonized BCGUre " or M. smegmatis (Msmeg), at a bacterium/cell ratio of 50:1, for 24 h in presence
of 50 mM urea, and then IFN-y (200 U/ml) was added for 24 h. Controls were cells alone and cells treated with IFN-y. Cells were stained for
surface class II and analyzed by flow cytometry as described in the legend to Fig. 1. MFI indices were deducted from fluorescence histograms, and
results are expressed as the mean *= SD (n = 3) of maximal class II surface expression. (B) THP-1 cells were infected as described for panel A.
After 24 h of incubation, cells were washed twice with HBSS and sonicated for 5 s. Cell debris and membranes were removed by centrifugation,
and supernatants were assayed for ammonia by the fluorometric method described in Materials and Methods. Results are expressed as the
nanomolar concentration of ammonia per milligram of protein and are the mean = SD of three independent experiments. (C) Urease test tubes
(broth medium plus urea and phenol red) were inoculated with 10° M. smegmatis, BCGUre~ or BCGUre™ cells and incubated at 37°C for 12 h.
Urease-mediated ammonia production changes the color of the medium from yellow to dark pink. (D) THP-1 cells were infected with M. smegmatis
or BCGUre™ for 3 h at 37°C in culture medium. Partially attached, noningested bacteria were removed by 5 min of treatment with trypsin-EDTA
and extensive washing with HBSS. Culture plates were reincubated in medium supplemented with streptomycin and penicillin. At the time points
indicated, bacteria were released by treatment with 0.1% Triton X-100 in PBS, and serial dilutions were plated on 7H11 plates in triplicate. The
results are expressed as described in reference 41. For each time point, data are the mean * SD of CFU counts obtained from two independent
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than 10% clearance). Additional experiments examined
whether bacteria must be alive to express urease activity within
the host cell. Macrophages were infected with either BCGUre™
or M. smegmatis expressing GFP, and bacteria were isolated at
different time points over 24 h. Based on the GFP signal, the
ureolytic activity of bacteria grown within the host cell was
compared to that of an equivalent number of GFP-expressing
bacteria grown in culture medium. Figure SE shows that M.
smegmatis ureolytic activity nearly completely disappeared at
the 9-h time point. In contrast, BCG organisms isolated from
macrophages maintained their capacity to hydrolyze urea at all
time points.

Taken together, these observations suggest that ureolytic
activity is not essential for multiplication and persistence of
mycobacterium and that the enzyme participates actively in
class II inhibition only when urease-positive bacteria are able
to circumvent intracellular killing.

DISCUSSION

This study examined the hypothesis that mycobacterial ure-
ase may be a virulence determinant that disrupts trafficking of
MHC class II molecules through the endocytic pathway. Build-
ing on the observation that M. tuberculosis cells as well as
alkalinization of the endosomal-lysosomal compartment pre-
vent surface expression of MHC class II o and 3 chains, lead-
ing to their intracellular sequestration (20), a BCG urease-
negative mutant generated by allelic exchange (42) was used in
this study along with the human monocytic cell line THP-1 to
investigate the effect of ureolytic activity on MHC class II
expression. THP-1 cells display many characteristics of the
mature monocyte (45) and, when differentiated with PMA,
represent a versatile human macrophage model for studying
several cell activities, including class II expression and antigen
presentation (4, 19, 20, 31).

Initial experiments introduced the THP-1/BCG model and
showed that IFN-y-induced cell surface expression of
HLA-DR molecules is markedly attenuated in cells infected
with viable wild-type M. bovis BCG and cells treated with
ammonium chloride (Fig. 1). Confocal scanning of 0.2-pm
sections showed intense intracellular expression of class II mol-
ecules in cells alkalinized or infected with BCG, which is con-
sistent with normal IFN-y signaling and a minimal effect on
class II gene expression (Fig. 2). These findings established
that the variant M. bovis BCG inhibits class II expression at the
posttranscriptional level, presumably by interfering with intra-
cellular trafficking of class II proteins.

Class II and Ii chains are coordinately transported and pro-
cessed until proteolytic cleavage of Ii in an acidic compartment
immediately before class II surface expression (12, 46). Thus,
there is an essential requirement for degradative dissociation
of Ii from newly synthesized class II o,3 dimers prior to trans-
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port to the cell surface (24). Ii degradation is inhibited either
by cysteine protease inhibitors, such as leupeptin (33), or ly-
sosomotropic agents, such as chloroquine and ammonium
chloride (21, 24). By virtue of their ability to produce ammonia
in vitro (17), we hypothesized that pathogenic mycobacteria
could affect the activities of endosomal enzymes with acidic pH
optima. By using a sensitive fluorometric method capable of
ammonia detection down to nanomolar concentrations (44),
we found that wild-type BCG was capable of ammonia pro-
duction within the host cell while the mutant BCGUre was
not. Moreover, ammonia production correlated with a marked
decreased of class II surface expression in cells infected with
BCGUre* compared to those infected with the mutant
BCGUre™ (Fig. 3). Within the urease gene cluster in BCG,
there are two more genes, UreF and UreG, located downstream
of the kanamycin-disrupted UreC in BCGUre ™ and these genes
are also involved in the expression of urease activity (9, 42).
Therefore, no polar effect on other functions that may have
contributed to the phenotype of limited inhibition of class II
expression could be assigned to BCGUre ™.

To directly investigate the role of urease on class II expres-
sion, we performed experiments using latex beads coated with
purified urease. This approach demonstrated that urease-
coated beads were also able to express ureolytic activity within
macrophages, leading ultimately to reduced class I expression
in response to IFN-y (Fig. 4), consistent with the findings made
with wild-type BCG.

The second question addressed in this study concerned the
availability of urea as substrate for mycobacterial urease. Sup-
plementing culture medium with 50 mM urea during infection
significantly enhanced the inhibitory effect of BCGUre* on
class II expression. Similarly, intracellular levels of ammonia
increased and surface class II decreased in cells ingesting ure-
ase-coated beads in the presence of exogenous urea (Fig. 3 and
4), suggesting that urease-dependent ammonia production
would be dependent on arginine degradation into urea within
the host cell. In macrophages, the metabolism of arginine is
determined by the expression of the arginine-metabolizing en-
zymes inducible nitric oxide synthase and two isoforms of ar-
ginase (arginase I and II) (1). Nitric oxide synthase is induced
by Th1 cytokines (IL-1, tumor necrosis factor alpha, and IFN-
v), while arginases are induced by Th2 cytokines, such as IL-4,
IL-10, IL-13, and transforming growth factor g (1, 25). Thus,
through dominant Th2 cytokine stimulations, the arginase-
dependent catabolism of endogenous arginine into urea would
provide specific substrate for mycobacterial urease-dependent
intracellular alkalinization. Consistent with this hypothesis, it
has recently been found that macrophages from mouse lines
more prone to a Th2 response (BALB/c and DBA/2) not only
do not produce NO, but also, instead, increase arginine me-
tabolism to urea in response to lipopolysaccharide. Macro-
phages from mouse lines prone to a Thl response (C57BL/6

experiments. (E) BCGUre™ and GFP-expressing M. smegmatis cells were isolated from infected THP-1 at different time points as described for
panel D and tested for ureolytic activity in broth medium plus urea and phenol red. The absorbance of the pink color resulting from medium
alkalinization was measured in an enzyme-linked immunosorbent assay reader at 540 nm. For each time point, relative urease activity was
calculated as follows: 100 X (absorbance due to GFP-expressing bacteria isolated from macrophages)/(absorbance resulting from an equal number
of GFP-expressing bacteria grown in cell-free culture medium). Results are expressed as the mean * SD of values obtained from two independent

experiments.
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and B10D2) do not (25, 26). These differences in macrophage
responses have been termed M1 (Thl mouse) and M2 (Th2
mouse) (25, 26). Therefore, further investigation based on the
M1-M2 concept would provide further insight on the relevance
of urease in the virulence of mycobacteria.

The finding that the BCGUre mutant retained the capacity
to inhibit MHC class II, although significantly less than
BCGUre*, suggested that mycobacteria might use mechanisms
other than urease to inhibit class II expression. In this regard,
other laboratories have shown that long-term exposure (48 to
72 h) to the purified mycobacterial 19-kDa antigen (p19), a
pathogen-associated molecular pattern, has the capacity to
partially inhibit IFN-y-induced surface expression of MHC
class II (15, 35). Moreover, recent findings suggest that this
may be related to attenuation of MHC gene transcription by
p19 (36). However, studies using mycobacterial p19 knockout
strains are necessary to validate the contribution of this puta-
tive virulence factor to defective MHC expression during in-
fection.

The urease gene is absent from some nonpathogenic myco-
bacteria, such as M. xenopi, M. gordonae, and M. triviale, but it
is present in others, such as M. smegmatis, M. phlei, and M.
vaccae (23). Moreover, detailed characterization of mycobac-
terial urease showed that in the case of M. smegmatis the level
of urease activity is 10-fold greater than it is in M. tuberculosis
and M. bovis BCG (9). Therefore, we examined the level of
ammonia produced by pathogenic and nonpathogenic myco-
bacteria within the host cells and showed that M. smegmatis,
although capable of urea degradation in vitro, has only a mar-
ginal capacity to produce ammonia compared to BCG. This
appeared to be relevant to lack of survival of M. smegmatis
within macrophages, whereas wild-type BCG resists intracel-
lular killing (Fig. 5). This finding suggested that expression of
urease alone appeared insufficient to explain the greater viru-
lence of pathogenic mycobacteria, consistent with previous
studies showing marginal differences in intramacrophagic sur-
vival between the wild-type strain and its urease-negative mu-
tant (41). Therefore, in light of the contrast between M. smeg-
matis and M. bovis BCG in use of urease, it is likely that once
ingested by the macrophage, BCG uses initially urease-inde-
pendent strategies to evade intracellular killing by the innate
immune response. Subsequently, it may use urease activity to
deactivate specialized functions, such as class II expression and
antigen presentation. Since BCGUre has a decreased effect on
class II surface expression, it could be a good candidate strain
to express heterologous antigen to construct recombinant vac-
cines designed to function in the context of MHC class II
presentation.

In summary, the data presented above indicate that (i) M.
bovis BCG markedly attenuates the cell surface expression of
class II molecules in response to IFN-y despite normal STAT1
signaling and expression of DRA; (ii) class II molecules are
synthesized in infected cells but fail to transit to the cell mem-
brane; (iii) mycobacterial urease, via ammonia secretion, con-
tributes to defective intracellular transport and maturation of
MHC class II gene products; and (iv) the intracellular avail-
ability of urea is a limiting factor in urease-dependent inhibi-
tion of class II expression.
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