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Vaccination of mice with Mycobacterium vaccae or M. smegmatis induces some protection against M. tuber-
culosis challenge. The 19-kDa lipoprotein of M. fuberculosis, expressed in M. vaccae or M. smegmatis (M.
smeg19kDa), abrogates this protective immunity. To investigate the mechanism of this suppression of immu-
nity, human monocyte-derived macrophages (MDM) were infected with M. smegl19kDa. Infection resulted in
reduced production of tumor necrosis factor alpha (TNF-«) (P < 0.01), interleukin-12 (IL-12) (P < 0.05), IL-6
(P < 0.05), and IL-10 (P < 0.05), compared to infection with M. smegmatis vector (M. smegV). Infection with
M. smeg19kDa and with M. smegV had no differential effect on expression of costimulatory molecules on MDM,
nor did it affect the proliferation of presensitized T cells cocultured with infected MDM. When MDM were
infected with M. smegmatis expressing mutated forms of the 19-kDa lipoprotein, including non-O-glycosylated
(M. smeg19NOG), nonsecreted (M. smegl9INS), and nonacylated (M. smegl9NA) variants, the reduced produc-
tion of TNF-« or IL-12 was not observed. When the purified 19-kDa lipoprotein was added directly to cultures
of infected monocytes, there was little effect on either induction of cytokine production or its inhibition. Thus,
the immunosuppressive effect is dependent on glycosylated and acylated 19-kDa lipoprotein present in the
phagosome containing the mycobacterium. These results suggest that the diminished protection against
challenge with M. tuberculosis seen in mice vaccinated with M. smegmatis expressing the 19-kDa lipoprotein is
the result of reduced TNF-a and IL-12 production, possibly leading to reduced induction of T-cell activation.

To reduce the burden of tuberculosis (TB), particularly in
resource-poor countries, an effective vaccine against primary
TB and against reactivation of latent infection is urgently re-
quired. The development of an effective vaccine against Myco-
bacterium tuberculosis requires detailed knowledge of the host
immune response to mycobacterial antigens and insight into
which aspects of this immune response contribute to protec-
tion. Currently M. bovis BCG is widely used as a vaccine. BCG
immunization of humans is associated with the development of
a type 1 T-cell memory response, mediated by antigen-specific
gamma interferon (IFN-y)-producing T cells (29, 35). This
memory response results in dermal delayed-type hypersensi-
tivity responses to purified protein derivative of tuberculin
(PPD). Despite widespread administration, the current BCG
vaccine has failed to provide significant protection in adults
against pulmonary TB. Several alternative vaccination strate-
gies are therefore currently being explored (18, 19, 31).

In the mouse model, exposure to M. tuberculosis is followed
by recruitment of IFN-y-producing lymphocytes to the site of
infection (12). When mice are vaccinated with BCG and then
challenged with M. tuberculosis, an accelerated recruitment of
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activated IFN-y-producing lymphocytes to the infected site is
observed (37). This is associated with a reduction in the tissue
bacillary load but not with elimination of the infection. Many
of the new candidate vaccines against tuberculosis are now
being tested in the mouse model (23, 25, 33).

In addition to BCG, other Mycobacterium spp. have been
tested in mice for their ability to provide protection against M.
tuberculosis challenge. When administered to mice as a vac-
cine, the saprophytic mycobacteria M. vaccae and M. smegmatis
induce a short-lived type 1 T-cell response, as demonstrated by
the ability of splenocytes to proliferate, produce IFN-y, and
mediate cytotoxic T-lymphocyte (CTL) activity in response to
mycobacterial antigens (38). This immune response affords
some protection against M. tuberculosis challenge (1, 40). Se-
creted M. tuberculosis antigens, such as the 19-kDa lipoprotein,
are potent inducers of memory T-cell responses in vitro (3).
The 19-kDa antigen is capable of stimulating a recall response
in T cells and B cells obtained from M. tuberculosis-infected
and BCG-vaccinated humans or mice (10, 20, 22, 41). Fast-
growing mycobacteria such as M. vaccae and M. smegmatis do
not express the 19-kDa antigen (1, 17). The gene encoding the
19-kDa antigen was therefore cloned into a shuttle plasmid to
allow the expression of this lipoprotein on the surface of M.
vaccae and M. smegmatis, with the expectation that vaccination
with such strains would result in enhanced protection against
M. tuberculosis challenge. However, even the limited protec-
tion afforded by immunization with M. vaccae or M. smegmatis
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was abrogated when the 19-kDa antigen was expressed by
these mycobacteria (1, 40). In addition, immunization of mice
with recombinant mycobacterial strains expressing the 19-kDa
antigen failed to induce the expected accelerated recruitment
of IFN-y-producing T cells to the infected site following M.
tuberculosis challenge. Moreover, the mice immunized with the
recombinant mycobacteria expressing the 19-kDa lipoprotein
had impaired delayed-type hypersensitivity responses to intra-
dermal PPD (40).

To better understand the impaired protection following vac-
cination of mice with the M. smegmatis-expressed 19-kDa an-
tigen (M. smegl9kDa), we infected human monocyte-derived
macrophages (MDM) with M. smegmatis vector (M. smegV) or
M. smeg19kDa. We evaluated the ability of the infected MDM
to produce the cytokines tumor necrosis factor alpha (TNF-«),
interleukin-12 (IL-12), IL-10, and IL-6. The effect of posttrans-
lational modifications of the 19-kDa protein on cytokine pro-
duction was also studied by infecting the cells with M. smeg-
matis recombinants expressing mutated 19-kDa genes. In
addition, the effect of exogenously added purified 19-kDa li-
poprotein to infected MDM on TNF-a and IL-12 production
was examined. Finally, the possibility that the 19-kDa antigen
affected the expression of stimulatory and costimulatory mol-
ecules (HLA-DR, CD40, CD80, and CD86) on the MDM cell
surface was explored.

MATERIALS AND METHODS

Recombinant mycobacteria. M. smegmatis mc?/1-2c was used for these exper-
iments. Plasmids used for construction of recombinant mycobacteria were based
on pl6R1, a shuttle vector carrying a hygromycin resistance determinant and
origins of replication suitable for maintenance in mycobacteria (16). The gene
encoding the glycosylated and acylated 19-kDa antigen was cloned as an
Xbal-HindIII fragment in a p16R1 derivative, as described previously, to gener-
ate pSMT3-19 (21). These polypeptides were extractable by Triton X-114, sug-
gesting that they are acylated lipoproteins. The gene encoding the 19-kDa anti-
gen was also modified by site-directed mutagenesis to alter posttranslational
modification. In pSMT3-19NOG, O-linked glcosylation was inhibited by substi-
tution of two threonine clusters by valine residues (21). A nonsecreted form
(pSMT3-19NS) was produced by removing the signal sequence of the protein,
and a nonacylated form (pSMT3-19NA) was generated by replacement of the
N-terminal cysteine residue of the mature wild-type protein with alanine (32).
The mutant proteins were expressed at levels comparable to those of the wild-
type protein. Each of the plasmids was introduced into M. smegmatis by electro-
poration, and its expression was characterized as described previously (32). As a
control, M. smegV was used in all infection experiments.

Isolation of monocytes. Peripheral blood mononuclear cells (PBMC) were
isolated from blood obtained from healthy volunteers. Blood was layered on 15
ml of Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) and centrifuged at 400 X g
for 25 min. PBMC were harvested from the gradient, washed twice with RPMI
1640 (Gibco BRL, Gaithersburg, Md.), and kept on ice until use. Adherent
monolayers were obtained by incubating PBMC in 24-well Falcon tissue culture
plates (Becton Dickenson Labware, Lincoln Park, N.J.) for 1 to 2 h at 37°C.
Nonadherent cells were washed off, and approximately 3 X 10° monocytes per
well were incubated for 6 days at 37°C under 5% CO, in fresh RPMI medium
enriched with 10% human AB serum (R10) (Gemini Bio Products, Calabasas,
Calif.).

Infection of monocytes. Recombinant M. smegmatis was cultured in lipopoly-
saccharide-free 7H9 broth (Difco) enriched with 2% glucose, glycerol, and hy-
gromycin B (Boehringer Mannheim, Indianapolis, Ind.) at 50 pg/ml. Mycobac-
terial stocks were frozen at —80°C until use. MDM (6 days old) were infected
with the mycobacteria at a multiplicity of infection (MOI) of 3:1 and 3 h later
were pulsed with gentamicin (Gibco BRL) (final concentration, 200 pg/ml) to
inhibit the growth of extracellular organisms. At 5 h postinfection, the culture
medium was removed, stored at —70°C for cytokine analysis, and replaced with
fresh R10 medium without antibiotics.

The effect of exogenous recombinant 19-kDa lipoprotein on cytokine produc-
tion by infected monocytes was explored by adding 100 to 400 ng of mycobac-
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terium-derived 19-kDa antigen per ml to the MDM prior to infection with M.
smegmatis. Native antigen purified from M. tuberculosis H37Rv was obtained
from John Belisle, Colorado State University, Fort Collins, Colo. (the purified
native 19-kDa lipoprotein was obtained as part of the Tuberculosis Research
Materials and Vaccine Testing Contract from the National Institute of Allergy
and Infectious Diseases, NOI AI-753230). Recombinant 19-kDa antigen ex-
pressed in M. vaccae was purified as described previously (1). Two preparations
of purified protein were tested. Recombinant M. vaccae 19-kDa culture filtrates
(rCF) and recombinant M. vaccae 19-kDa whole-cell lysate (rWCL) purified
from the sonicated bacterial pellet. Since only 19-kDa protein produced by
mycobacteria shows posttranslational acylation and glycosylation (17, 34), re-
combinant 19-kDa antigen from mycobacteria and not an Escherichia coli source
was used.

CFU assay. At each time point, 500 wl of supernatant for cytokine analysis was
removed from each well of infected cells and stored at —70°C until use. The
remaining contents of each well, to which 500 pl of phosphate-buffered saline
(PBS) containing 0.25% Tween 80 (Sigma) had been added, was probe sonicated
for 20 s and harvested for colony counts. Tenfold serial dilutions of the myco-
bacterial suspension were plated on 7H11 agar containing glucose (2%) and
hygromycin B (50 p.g/ml). Culture plates were incubated at 37°C, and the number
of colonies was determined after 48 to 72 h.

Cytokine assays. The supernatant was sampled for the cytokines TNF-a, IL-6,
IL-12 (p70 and p40), and IL-10. Cytokine enzyme-linked immunosorbent assay
kits (Endogen, Woburn, Mass.) were used as specified by the manufacturer, and
samples were run in duplicate or triplicate. Since the cytokines produced during
phagocytosis were removed along with the gentamicin-containing medium, initial
(5-h) cytokine values were added to those at subsequent time points (24 to 96 h).
A large donor-to-donor variability in MDM cytokine production in response to
infection in vitro was noted, yielding nonparametric data. Therefore, when the
results from multiple donors were reported, cytokine levels were normalized;
100% was defined as the amount produced by infection with M. smegV at 24 h
postinfection. In experiments using the 19-kDa mutants, data for TNF-a pro-
duction were normalized to the levels of cytokine induced at 5 h by infection with
M. smegV. When results reported are from a single donor, the data are given as
absolute values (picograms per milliliter).

T-cell proliferation. T lymphocytes (10°) from the blood of a PPD™ donor,
enriched by E-rosetting and depleted of monocytes by passage through a nylon
wool fiber column (Polysciences Inc., Warrington, Pa.), were added to MDM
infected for 5 h with M. smegV or M. smeg19kDa. T-cell proliferative responses
were assayed by [*H]thymidine (NEN Research Products, Boston, Mass.) incor-
poration during the last 6 or 18 h of 72- to 120-h cultures. The cells were
harvested onto fiber mats with an automatic cell harvester (Skatron Instruments
Inc., Sterling, Va.), and [*H]thymidine incorporation was measured with a
betaplate liquid scintillation counter (model LKB 1205; Wallac, Gaithersburg,
Md.).

FACS analysis. Adherent cells were harvested 24, 48, and 72 h postinfection
after a 30-min incubation with 0.02% EDTA (pH 7.2) in ice-cold PBS followed
by a wash in ice-cold PBS containing 3% fetal calf serum and 0.1% sodium azide
(fluorescence-activated cell sorter [FACS] buffer). Macrophages were labeled on
ice for 30 min with one of the following monoclonal antibodies: phycoerythrin
(PE)-anti-CD14, PE-anti-CD80 (B7.1), or PE-anti-HLA-DR (all from Becton
Dickinson, San Jose, Calif.) PE-anti-CD86 (B7.2) or fluorescein isothiocyanate—
anti-CD40 (Pharmingen, San Diego, Calif.), washed once in FACS buffer, and
fixed with 2% glutaraldehyde in PBS before being subjected to analysis by flow
cytometry (FACScan, Becton Dickinson).

Statistics. The paired, one-tailed Student ¢ test was used to compare CFU and
cytokine levels for each time point. P < 0.05 was considered statistically signif-
icant.

RESULTS

Survival of M. smegmatis strains in cultures of human
MDM. Monocytes, maintained for 6 days in tissue culture
(MDM), were infected with M. smegV or M. smeg19kDa at an
MOI of 3:1. At 5 h postinfection, 22 to 56% (mean, 36%) of
the organisms were phagocytosed. Pulsing of the infected cul-
tures with gentamicin resulted in killing of the extracellular
bacilli. Further incubation of the cells led to a progressive
decline in the number of viable intracellular organisms. At all
time points, bacterial counts were similar for both strains (Fig.
1). MDM viability, as determined by trypan blue exclusion
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FIG. 1. Number of intracellular viable mycobacteria following in-
fection of MDM with M. smegV (grey bars) or M. smeg19kDa (black
bars). Cells were infected at an MOI of 3:1 for 3 h and pulsed with
gentamicin for 2 h. The results are expressed as the percentage of CFU
normalized to the number of CFU of M. smegV at 5 h. Results are
means of six experiments done in duplicate or triplicate, carried out on
monocytes of unrelated donors. Error bars indicate standard error of
the mean.

following detachment with EDTA, was similar for uninfected,
M. smegV-infected, and M. smegl9kDa-infected cells (range,
79 to 97%).

Cytokine production by MDM following infection with M.
smegmatis strains. The levels of cytokines produced by MDM
following infection with M. smegV or M. smeg19kDa are shown
in Fig. 2. In response to infection with M. smegV, the kinetics
of production of the various cytokines differed. By 5 h postin-
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fection, significant levels of TNF-a were noted, and its levels
peaked by 24 h. In contrast, at 5 h, there were very low (if any)
levels of 1L-12, IL-6, and IL-10. Significant amounts of all
cytokines were detected at 24 h. Therefore, in these experi-
ments, results for all cytokines were normalized to the 24-h
time point (see Materials and Methods). IL-12 production
peaked at 72 h and then decreased, while IL-6 and IL-10 levels
continued to increase over the course of the experiment. In-
fection with M. smeg19kDa resulted in up to threefold-lower
production of TNF-a (P < 0.01), IL-12 (P < 0.05), and IL-6
(P < 0.05) compared to infection with M. smegV. Since IL-10
production was also lower in the M. smegl9kDa-infected
MDM (Fig. 2) (P < 0.05), we concluded that reduced produc-
tion of TNF-«, IL-6, and IL-12 did not result from increased
production of IL-10. When M. smegV and M. smeg19kDa were
mixed 1:1 prior to infection and the same total number of
bacilli was used to infect MDM at an MOI of 3:1, the 19-kDa
antigen-induced inhibition of TNF-« and IL-12 production was
not significantly affected (data not shown). In this mixed infec-
tion, the 19-kDa antigen-induced inhibition was still evident
even though only 50% of the infecting organisms expressed
this antigen.

Effect of posttranslational modification of the 19-kDa anti-
gen on cytokine production by MDM infected with M. smeg-
matis strains. To study the effect of acylation and glycosylation
of the 19-kDa antigen on cytokine production, MDM were
infected with M. smegmatis expressing the complete glycosy-
lated and acylated molecule (M. smegl9kDa), the non-O-gly-
cosylated (M. smegl9NOG), nonsecreted (M. smegl9INS), or
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FIG. 2. Cytokine production by MDM infected with M. smegV (grey bars) or M. smeg19kDa (black bars). Results were normalized to cytokine
levels induced by M. smegV at 24 h of infection. Results are means and standard error of the mean of four to six experiments.
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FIG. 3. Effect of posttranslational modification of the 19-kDa an-
tigen on cytokine production. TNF-« (5 h postinfection) and IL-12 (24
h postinfection) production by MDM infected with M. smegV (SmV)
(100%), M. smeg19kDa (Sm19kDa), or M. smegmatis expressing trun-
cated forms of the 19-kDa lipoprotein, non-O-glycosylated (SmNOG),
nonsecreted (SmNS) or nonacylated (SmNA) is shown. The results are
means and standard error of the mean of three or four experiments
and are normalized to M. smegV.

nonacylated (M. smeg19NA) forms of the 19-kDa antigen, or
M. smegV. Reduced production of TNF-a and IL-12 was ob-
served only when the 19-kDa antigen was intact (acylated and
O glycosylated) (Fig. 3).

Effect of the 19-kDa antigen on costimulatory molecule ex-
pression and T-cell proliferation. Adherent MDM infected
with M. smegV or M. smeg19kDa were detached at 24, 48, and
72 h postinfection and analyzed for cell surface markers by
flow cytometry. Comparative analysis of the mean fluorescent
intensity for uninfected, M. smegV-infected, and M. smegl9kDa-
infected cells revealed an infection-induced down-regulation
of CD14 and increased expression of CD40 and CD80, which
reached a maximum at 48 h postinfection (Fig. 4). CD14 down-
regulation and increased CD40 and CD80 expression were
similar following M. smegV or M. smegl9kDa infection. No
significant differences in CD86 or HLA-DR expression were
observed among uninfected MDM or MDM infected with ei-
ther M. smegV or M. smegl9kDa (Fig. 4). When T cells from
PPD™" individuals were exposed to autologous infected MDM,
the recall proliferative responses were slightly higher (22% =+
16% higher) in the presence of M. smegl9kDa than in the
presence of M. smegV. These results suggest that the 19-kDa
antigen did not directly affect the expression of costimulatory
molecules on MDM. The lipoprotein may have been recog-
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FIG. 4. Expression of cell surface markers on uninfected MDM
(open bars) or MDM infected for 48 h with M. smegV (grey bars) or M.
smeg19kDa (black bars). The results are normalized to the values for
uninfected cells (set at 1) and are means and standard error of the
mean of three experiments.

nized by presensitized T cells, resulting in slight increases in in
vitro proliferation of the cells.

Effect of exogenously added 19-kDa antigen on cytokine
production by MDM infected with M. smegmatis strains. We
next investigated whether cytokine production by MDM could
be modified by addition of purified recombinant or purified
native 19-kDa lipoprotein to the culture medium during infec-
tion with M. smegmatis strains. When different concentrations
of recombinant 19-kDa lipoprotein purified from whole-cell
lysates (rWCL) were added to uninfected MDM, low levels of
TNF-a were produced in a dose-dependent manner. When
added to MDM infected with either M. smegV or M. smeg19kDa,
rWCL at 100 ng/ml had no effect on TNF-a production (Fig.
5). The extent of inhibition (~50%) of TNF-a production
in the M. smegl9kDa-infected cells compared to that in the
M. smegV-infected MDM remained the same. Addition of
recombinant 19-kDa antigen purified from culture filtrate
(rCF) to uninfected MDM had no stimulatory effect on TNF-a
production (Fig. 5). When rCF at 100 ng/ml was added to
MDM infected with M. smegV or M. smeg19kDa, the inhibitory
effect on TNF-a production was minimal. When the purified
native 19-kDa antigen (100 ng/ml) was added to uninfected
MDM, very low levels of TNF-a and no IL-12 were produced
(Fig. 5). Native lipoprotein added to MDM infected with
M. smegV or M. smeg19kDa had little or no effect on TNF-« or
IL-12 production. Taken together, these results suggest that
exogenously added 19-kDa antigen has only limited effects on
cytokine production. It appeared that the 19-kDa lipoprotein
must be intracellular and probably must be in the same cellular
compartment as M. smegl9kDa to exert the maximal inhibitory
effect on MDM cytokine production.

DISCUSSION

Protective immunity against M. tuberculosis depends on
TNF-a and IL-12 production to regulate the activation of T-
lymphocytes and to stimulate the antimycobacterial capacity of
infected macrophages (24). Mice lacking IL-12 have decreased
and delayed expression of mRNA for IFN-y, TNF-q, and in-



VoL. 69, 2001

2000, TNF-o. (rWCL)

1600
1200
o~ 8004
£
)
& 400
c
2
g 0
S + - + -+
8
& 800 TNF-o (native)
]
£
X
0 600
=
(&)
400-
200-
e

M. TUBERCULOSIS 19-kDa PROTEIN INHIBITS CYTOKINES 1437

10001 TNF-ct (rCF)

800+

600+

400+

200+

+ - +
11L=12 (native)

40

o

300+

200+

100

+ - + - +

Exogenous Purified 19kDa Lipoprotein (100 ng/mil)

FIG. 5. Effect of exogenously added 19-kDa lipoprotein on TNF-a or IL-12 production by MDM. MDM were uninfected (open bars) or
infected with M. smegV (grey bars) or M. smeg19kDa (black bars) in the presence (+) or absence (—) of 100 ng of purified recombinant 19-kDa
protein per ml isolated from whole recombinant M. smeg19kDa cell lysate (rtWCL) or isolated from M. smeg19kDa culture filtrate (rCF), or 19-kDa

protein purified from M. tuberculosis (native).

ducible nitric oxide synthase in infected tissues, as well as
reduced lymphocyte recruitment to the site of infection (7).
These mice also display early mortality with overwhelming
tissue bacillary loads following infection with mycobacteria.
Mice treated with exogenous IL-12 demonstrate an increased,
IFN-y-dependent resistance to infection with M. tuberculosis
(8, 14). IL-12 as a vaccine adjuvant enhances the development
of a protective Thl response (2, 15). Similarly, IL-12 DNA
therapy of M. tuberculosis-infected mice results in a phenotypic
switch, from Th2-type cytokine production to IFN-y-secreting
Thi-type cells (28). Therefore, IL-12 is a key cytokine involved
in establishing protective immunity against M. tuberculosis.

A critical role in protection against murine tuberculosis has
also been demonstrated for the proinflammatory cytokine
TNF-a. Mice lacking TNF-a fail to control M. tuberculosis
infection. This is associated with delayed macrophage activa-
tion and impaired T-cell migration into granulomas despite the
presence of adequate numbers of both CD4" and CD8" T
cells in the liver and lungs (5, 13). TNF-a enhances IFN-y-
induced production of reactive nitrogen intermediates and may
thus contribute to the killing of M. tuberculosis in vitro (11).
Recent studies have also suggested an important role for IL-6
in stimulating early IFN-y production during M. tuberculosis
infection (36) and in priming of T cells after vaccination with
M. tuberculosis proteins (27). We have shown here that follow-
ing infection of human MDM in vitro with M. smegmatis ex-
pressing the 19-kDa lipoprotein of M. tuberculosis, there is
reduced production of inflammatory cytokines, including IL-12
and TNF-a, as well as of IL-6. This reduced cytokine produc-

tion may explain why M. smegmatis strains expressing the 19-
kDa antigen were observed to be ineffective as vaccines (1, 40).

Experiments in which the 19-kDa lipoprotein was used to
elicit an immune response have yielded contrasting results. In
some studies, immunization of mice with the purified protein
or with DNA encoding the 19-kDa antigen resulted in antigen-
specific IFN-y production by splenocytes, with a slight increase
in survival time after M. tuberculosis challenge in the case of
the DNA vaccine (1, 40). Protection against M. tuberculosis
challenge was observed in mice immunized with a 19-kDa
recombinant vaccinia virus construct (42). Although Erb et al.
could readily detect antibodies against the 19-kDa lipoprotein
following DNA vaccination, no proliferative or CTL activity
was induced and protection against M. bovis BCG challenge
was not achieved (9). In addition, T cells obtained from mice
immunized with 19-kDa-antigen-pulsed dendritic cells showed
no antigen-specific IFN-y production (4). However, others
have documented that a peptide fragment of the 19-kDa anti-
gen, presented to T cells by human dendritic cells in vitro,
could induce HLA class I-restricted CTL activity (30). A recent
report suggested that the 19-kDa antigen may be a potent
stimulator of IL-12p40 in THP1 cells and of IL-12p70 in fresh
human monocytes in vitro (6). However, this observation is not
in keeping with our in vitro observations. Here we used a
similar preparation of native 19-kDa antigen and showed that
the exogenously added lipoprotein induced only small amounts
of IL-12 compared to infection with M. smegV. Brightbill et al.
added purified 19-kDa antigen at 10 ng/ml to freshly cultured
human monocytes and noted the production of IL-12p40 and
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IL-12p70 (6). In our experiments, we added 100 ng of 19-kDa
antigen per ml to MDM and noted no production of IL-12.
However, there was some production of TNF-a (50 to 80 pg/
ml). By comparison, infection of the MDM with M. smegV at
1:1 induced the production of about 320 pg of IL-12 per ml and
600 pg of TNF-a per ml. We therefore conclude that although
the 19-kDa antigen does induce some macrophage cytokine
production, the intact mycobacteria induce much higher levels
of cytokines (Fig. 5). When Brightbill et al. used THP1 mono-
cytoid cell lines for their experiments, they found high levels of
IL-12p40 production (6). Thus, it appears that macrophages
and monocytes may differ in their responses to the 19-kDa
lipoprotein.

We observed that intracellular M. smeg19kDa has stronger
immunomodulating effects than exogenously added 19-kDa
antigen. Also, we showed here that the intact 19-kDa molecule
is required for the immunomodulatory activity. Interestingly, a
previous study had shown that within 1 h of macrophage
phagocytosis of M. bovis BCG, M. tuberculosis, or M. smeg19kDa,
the 19-kDa lipoprotein traffics out from the phagosome by
insertion into plasma membranes. This trafficking did not oc-
cur with mutant 19-kDa lipoproteins that were nonacylated
and nonglycosylated (32). It is possible that the inhibition of
cytokine production by M. smegl9kDa seen here may require
the 19-kDa lipoprotein to be initially part of the same cellular
compartment as the mycobacterium. This would allow the 19-
kDa lipoprotein to leave the phagosome by inserting into the
phagosome membrane, thereby gaining access to the reg-
ulatory pathways for cytokine production. The idea that a
M. tuberculosis component may affect host cell immune func-
tion by insertion into the cell membrane has been suggested in
another system. Ting et al. have observed that M. tuberculosis
blocks human macrophage responses to IFN-y by preventing
the interaction of STAT1 with the transcriptional machinery in
the nucleus (39). Recently they have suggested that this occurs
through sequestration of transcriptional coactivators at ex-
tranuclear sites adjacent to the phagosome membrane (J. D.
Ernst, Abstr. IDSA 38th Annu. Meet. p. 46, 2000). The authors
suggest that this sequestration may be mediated by a compo-
nent of the mycobacterial cell wall. It is possible that the
19-kDa lipoprotein may be such a component.

Any factor that contributes to the success of the pathogen by
interfering with the host protective response can be considered
a virulence factor for M. tuberculosis. Our observation that the
19-kDa antigen influences host cytokine responses is compat-
ible with a role for this protein in mycobacterial virulence.
Additional data supporting this view were reported in a study
in which a naturally occurring mutant of M. tuberculosis H37Rv
(T 2646), which does not express the 19-kDa antigen, showed
reduced growth in B10 mice (26). When this strain was trans-
formed with the 19-kDa antigen, increased bacterial loads
were observed compared to those in the vector control. Wheth-
er mycobacterial strains lacking the 19-kDa antigen are less
virulent and could be used as vaccine strains remains to be
explored.
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