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In this study we investigated the effect of an in vitro infection with Mycobacterium tuberculosis on the ability
of human monocytes to present the soluble antigen tetanus toxoid to T cells. We observed that tetanus
toxoid-specific T-cell proliferation was markedly reduced when monocytes were infected with large numbers
(bacterium-to-monocyte ratio, 50:1) of both viable and heat-killed mycobacteria. The level of antigen-induced
gamma interferon release also was decreased when M. tuberculosis-containing monocytes were used as
antigen-presenting cells. However, mycobacterium-infected monocytes did not show or trigger suppressive
activity, because the presence of mycobacterium-infected monocytes did not affect the T-cell response induced
by tetanus toxoid-pulsed control monocytes. When M. tuberculosis-infected monocytes were fixed with
paraformaldehyde, they were not able to serve as antigen-presenting cells even in the presence of untreated
accessory monocytes. Moreover, the uptake of both viable and heat-killed M. tuberculosis cells reduced the
expression of human leukocyte antigen DR on monocytes. With regard to accessory function, monocytes
infected with large numbers of mycobacteria were less efficient as accessory cells than were control monocytes
in cultures ofT cells activated with pokeweed mitogen. These results indicate that infection with large numbers
ofM. tuberculosis cells impairs the ability of monocytes to process and/or present soluble antigen and to serve
as accessory cells in T-cell activation.

Mycobacterial infections are often associated with impair-
ment of the immune response (3, 25). Animal studies and in
vitro experiments suggest that mycobacteria or their products
can induce suppression of T-cell responses not only to myco-
bacterial antigens but also to unrelated antigens and polyclonal
T-cell activators (7, 8, 13, 18, 21, 31, 33). The generation of
suppressor T cells and/or macrophages was usually found to be
associated with a reduced response of T lymphocytes in vitro,
and in some cases the involvement of prostaglandins was
documented (18). Recently, more attention has been paid to
the possible alteration of the antigen-presenting and accessory
functions of monocytes/macrophages. The reduced antigen-
presenting and accessory functions of monocytes/macrophages
after infections with viruses and intracellular parasites have
already been documented (9, 14, 16). A reduction in the
number of major histocompatibility complex (MHC) class II

antigens in humans infected with Mycobacterium leprae (5) and
in mice infected with M. microti or M kansasii (15, 24) and a
decrease in the expression of CD11b and CD14 on monocytes
infected in vitro with M avium-M intracellulare complex have
been reported (31). Antigen presentation requires antigen
processing and association of immunogenic peptides with
MHC class II molecules, which involves translocation and
fusion of intracellular vesicles (for a review, see reference 12).
Because mycobacteria and mycobacterial products are known
to interfere with phagosome-lysosome fusion and influence the
cellular environment (1, 4, 19, 29), it seems conceivable that
intracellular mechanisms necessary for antigen processing and
association of immunogenic peptides with MHC class II mol-
ecules might be affected in monocytes/macrophages harboring
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parasites. Here we report that monocytes containing large
numbers of M. tuberculosis cells cannot present tetanus toxoid
(TT) antigen and that their ability to support lectin-induced
T-cell proliferation is diminished.

MATERUILS AND METHODS

Cell populations. Peripheral blood mononuclear cells were
isolated from heparin-treated blood of healthy donors by using
a standard Ficoll-Paque (Pharmacia, Uppsala, Sweden) gradi-
ent. They were suspended in Hanks balanced salt solution
supplemented with 0.1% bovine serum albumin and under-
went countercurrent centrifugal elutriation (Beckman JE-6B-
Elutriation System) to obtain lymphocytes and monocytes. The
separation was performed at 10°C and at a constant rotor
speed (3,500 rpm). The cells (2 x 108 to 5 x 108 in 50 ml) were
loaded at a flow rate of 25 ml/min and subsequently eluted by
gradually increasing the flow rate to 50 ml/min. Twenty cell
fractions (50 ml each) were collected; the last of these was
collected while the rotor was turned off. Monocyte enrichment
in the last fraction was confirmed by nonspecific esterase
staining (85 to 95% positive) and/or expression of CD14
antigen (80 to 90% LeuM3 positive).
Monocytes were washed once with cold RPMI medium and

kept in an ice bath at a concentration of 5 x 106/ml in
incomplete medium (RPMI 1640 medium supplemented with
L-glutamine and 10% fetal calf serum; all reagents were from
GIBCO, Grand Island, N.Y.) until use. Cells collected in
fractions 5 to 10 (which contained 80 to 90% CD3-positive
cells) were pooled and rosetted with AET-pretreated sheep
erythrocytes to isolate T cells (17). Rosetting (T lymphocytes)
and nonrosetting (non-T lymphocytes) cells were separated by
Ficoll-Paque density gradient centrifugation. Cells recovered
from the pellet by osmotic shock (T cells) were washed twice
with Hanks balanced salt solution and finally adjusted to a
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concentration of 106/ml in complete medium (incomplete
medium to which 100 U of penicillin per ml and 100,ug of
streptomycin per ml were added). Non-T cells were washed in
Hanks balanced salt solution and also adjusted to a concen-
tration of 106/ml in complete medium. In some experiments
elutriated lymphocytes were depleted of B lymphocytes and
human leukocyte antigen (HLA)-DR-positive cells by using
magnetic cell sorting (Miltenyi Biotech GmbH, Bergisch Glad-
bach, Germany) (20). Briefly, lymphocytes (107 cells per ml of
phosphate-buffered saline [PBS]) were labeled with anti-CD20
(Dako, Hamburg, Germany) and anti-HLA-DR (Becton Dick-
inson, Heidelberg, Germany) followed by biotinylated goat
anti-mouse immunoglobulin G (Dianova, Hamburg, Germany)
and finally by streptavidin-conjugated magnetic microbeads
(Miltenyi Biotech GmbH). Following each incubation step, the
cells were washed with PBS and centrifuged down through a
fetal calf serum cushion. Finally, the cells were adjusted to 107
cells per ml in PBS and passed through a magnetized steel
wool column to separate unlabeled lymphocytes from the
magnetically labeled cells. The depleted lymphocyte fraction
contained less than 1% B cells or HLA-DR-positive cells as
monitored by flow cytometry.

Bacteria. M. tuberculosis H37Rv (kindly provided by
S. Rusch-Gerdes, Division of Medical Microbiology, For-
schungsinstitut Borstel) were cultured on Lowenstein-Jensen
medium at 37°C for 20 to 25 days. The bacteria were harvested
and homogenized in PBS, and clumps were removed by
low-speed centrifugation. The supernatant, containing pre-
dominantly single bacterial cells, was then centrifuged, and the
bacteria were washed twice with PBS. The concentration of
bacteria was determined by counting in a Neubauer chamber.
Heat-killed M. tuberculosis cells were prepared by autoclaving
the bacteria for 20 min. Live and heat-killed bacteria were
from the same batch of M. tuberculosis. Bacterial preparations
were stored at -70°C until use. In some experiments strains of
Escherichia coli (NCTC 10418) or Salmonella enteritidis (clin-
ical isolate) were used. These strains were grown for 18 h on
sugar broth, washed twice with a large volume of saline, and
opsonized (30 min at 37°C) in the presence of 5% fresh human
serum. After additional washing, the density of bacterial cells
was measured spectrophotometrically (at 540 nm), and the cell
number was calculated by using previously determined stan-
dard curves (based on CFU counts).
To evaluate the uptake of M. tuberculosis by monocytes, we

labeled viable bacteria with fluorescein isothiocyanate (FITC;
Sigma, Deisenhofen, Germany), as described by Drevets and
Campbell (6), by incubation with 0.1 mg of FITC per ml in PBS
(pH 7.2) at 37°C for 2 h. Thereafter FITC-labeled bacteria
were washed twice with PBS to remove unbound FITC.

Phagocytosis of bacteria. Monocytes were suspended in
RPMI supplemented with 10% fetal calf serum and 2 mM
L-glutamine (incomplete medium) at a concentration of 2 x
106 to 5 x 106/ml and incubated for 1 h at 37°C under 5% CO2
in a polypropylene tube with a 10- or 50-fold-larger number of
M. tuberculosis cells. In some experiments 10% human AB
serum was added as a source of opsonins. After incubation,
cells were washed twice and resuspended in medium supple-
mented with antibiotics (complete medium). Latex particles
with a diameter of 0.94 ± 0.08 ,um (Serva, Heidelberg,
Germany) were washed twice with 70% ethanol and suspended
in medium at a concentration of 6 x 109/ml. These were added
to the suspension of monocytes to obtain a 100:1 particle/
monocyte ratio, and the mixture was incubated for 15 min
before being washed. When E. coli or S. enteritidis was used for
phagocytosis, bacteria were always opsonized and the bacteri-
um/monocyte ratio during incubation was also 100:1. Control

monocytes to which bacteria were not added were incubated
and washed in parallel.
Flow cytometry. To determine the effect of stimulation with

M. tuberculosis on monocyte viability and the expression of
HLA-DR, we pulsed monocytes with various concentrations of
live or heat-killed mycobacteria as described above. To deter-
mine HLA-DR expression at given time points, we harvested
cells and labeled them with phycoerythrin-conjugated anti-
HLA-DR (Becton Dickinson). Isotype-specific phycoerythrin-
conjugated immunoglobulin G2a was used as the control
antibody. All staining and washing procedures were performed
at 4°C in PBS supplemented with 0.1% NaN3. Finally, samples
were fixed in 1.5% paraformaldehyde-PBS and analyzed after
24 h by using a FACStarPlus flow cytometer (Becton Dickin-
son). (Channel numbers in Table 3 are given in linear scale
converted from originally logarithmically amplified signals by
using LYSIS II software [Becton Dickinson].)

Cell viability was assessed as described by Sasaki et al. (30).
Briefly, control and mycobacterium-pulsed monocytes were
incubated in PBS plus propidium iodide (0.5,ug/ml; Dianova)
for 10 min. Thereafter the cells were washed twice to remove
free dye and fixed with paraformaldehyde as described above.
To determine the uptake of mycobacteria, we incubated

FITC-labeled microorganisms together with monocytes as
described above. Thereafter, samples of cells were fixed with
1.5% paraformaldehyde and analyzed by flow cytometry.
Antigen pulse. Control and bacterium-containing monocytes

(2 x 106 to 5 x 106/ml in complete medium) were incubated
for 3 h with TT (Behring, Marburg, Germany) at a concentra-
tion of 10 Lf/ml (Lf = limit of flocculation). Thereafter the
cells were washed four times and adjusted to a concentration
of 106/ml in complete medium. Control nonpulsed monocytes
were treated the same way in parallel. In some experiments,
after the antigen pulse the cells were fixed with paraformalde-
hyde, essentially as described by Moreno and Lipsky (23).
Briefly, after antigen-pulsed or control monocytes were washed
with PBS, the cells were exposed to 1% paraformaldehyde in
PBS for 2 min at 37°C. Thereafter the reaction was stopped by
addition of 0.06% cold glycylglycine in PBS, and cells were
washed three times in PBS. Such cells were subsequently
incubated in complete medium for 1 h, and after an additional
final wash they were used as antigen-presenting cells.

Evaluation of T-lymphocyte proliferative response. T-cell
proliferative response was determined by [3H]thymidine incor-
poration. Unless otherwise stated, cultures were pulsed with
[3H]thymidine (specific activity, 1 ,uCi/mM; Amersham Buch-
ler, Brunswick, Germany) after 6 days of culture, and incor-
porated radioactivity was determined in a beta-counter. Super-
natants were collected after 4 or 5 days of culture, and the
concentration of gamma interferon (IFN--y) was determined by
an enzyme-linked immunosorbent assay (reagents kindly pro-
vided by H. Gallati, Hoffmann-La Roche, Basel, Switzerland).

RESULTS

Evaluation of bacterial uptake. To assess the uptake of
bacteria by monocytes, live FITC-labeled bacteria were used
for pulse stimulation (1-h phagocytosis period) and the num-
ber of monocytes loaded with bacteria was measured by flow
cytometry. As expected, the proportion of phagocytic cells
depended on the bacterium/monocyte ratio during phagocyto-
sis and was usually between 25 and 50% at a 10:1 bacterium/
monocyte ratio and over 80% at a 50:1 bacterium/monocyte
ratio. As judged from fluorescence intensity, a 1-h incubation
of mycobacteria with monocytes at a ratio of 50:1 resulted in an
uptake of 5 to 10 times more microorganisms per cell (10 to 50
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TABLE 1. T-cell proliferation and IFN--y release by T lymphocytes
activated with TT presented by M. tuberculosis-infected monocytes

Mean T-cell
proliferation Mean IFN-y

Treatment of monocytes on day 6 release at 96 h
(103 cpm) (ng/ml) ± SD
± SD

Expt 1
None 2.12 ± 0.09
M. tuberculosis (10:1) 1.61 ± 0.04
M. tuberculosis (50:1) 0.94 ± 0.01
TI' pulse 5.76 ± 0.05
M. tuberculosis (10:1), TT pulse 4.21 ± 0.11
M. tuberculosis (50:1), TT pulse 1.91 ± 0.03

Expt 2
TI pulse 21.65 ± 0.13
M. tuberculosis (50:1), TT pulse 2.87 ± 0.28
M. tuberculosis (50:1, ops.a), 2.65 ± 0.11
TT pulse

M. tuberculosis (10:1, ops.a), 7.03 ± 0.11
IT pulse

Expt 3b
None 0.41 ± 0.02 0.412 ± 0.022
TT pulse 5.49 ± 0.13 5.363 ± 0.056
M. tuberculosis (50:1) 0.72 ± 0.09 0.842 ± 0.010
M tuberculosis (50:1), TT pulse 0.83 ± 0.12 1.487 ± 0.015
M tuberculosis (autoclaved) 0.95 ± 0.04

(50:1)
M tuberculosis (autoclaved) 1.61 ± 0.09 0.647 ± 0.028

(50:1), IT pulse
a Bacteria were opsonized since pooled human AB serum (10%) was present

during incubation of monocytes with mycobacteria.
b Lymphocytes depleted of CD19 and HLA-DR positive cells by magnetic cell

sorting were used as a source of responding T lymphocytes.

bacteria per phagocytically active monocyte) than did the use
of a low (10:1) ratio (1 to 5 bacteria per phagocytically active
monocyte) (data not shown).

Cell viability. The effects of phagocytosis of M. tuberculosis
on cell viability were similar when live and heat-killed organ-
isms were used. In general, when monocytes were incubated
with a large number ofM. tuberculosis cells for 16 h (incubation
ratio, 50:1), more than 70% of the cells remained viable, as
judged from flow cytometry measurement of propidium iodide
exclusion. Incubation of monocytes with fewer mycobacteria
resulted in a viability of 80 to 90%, whereas in the control less
than 5% of the cells were stained with propidium iodide.

After phagocytosis of M. tuberculosis, monocytes have a
reduced ability to trigger antigen-specific T-cell response.
Monocytes isolated from donors whose T cells did not respond
to purified protein derivative of tuberculin were incubated with
a suspension of M. tuberculosis. The bacterium/monocyte ratio
was approximately 10:1 or 50:1. In some experiments, pooled
fresh human serum was present during incubation as a source
of opsonins, or bacteria were autoclaved before use. After 1 h
of incubation, cells were washed free of bacteria, pulsed with
IT, and added to the cultures of autologous T lymphocytes.
As shown in Table 1, the ability of monocytes to trigger

IT-specific T-cell proliferation was absent or markedly re-
duced when monocytes were allowed to phagocytose mycobac-
teria. This reduction depended on the concentration of myco-
bacteria during incubation with monocytes. When monocytes
were incubated with a small number of bacteria, their ability to
trigger T-cell responses was much less markedly affected. The
presence of human serum during phagocytosis had no influ-

[3H] thymidine incorporation

72 96 120
hours of culture

FIG. 1. Kinetics of the T-cell proliferative response (mean counts
per minute [cpm] of triplicate cultures at indicated time points) in the
presence of 104 intact monocytes (A), monocytes infected with M.
tuberculosis (O), Tl-pulsed M. tuberculosis-infected monocytes (X),
IT-pulsed control monocytes (-), or combinations of equal numbers
of untreated monocytes plus IT-pulsed monocytes (A) or M. tubercu-
losis-infected monocytes plus IT-pulsed monocytes (@). The results
shown are representative of two independent experiments.

ence on the subsequent function of monocytes. The inefficient
antigen presentation by mycobacterium-infected cells could
not be overcome by an increased concentration of monocytes
and was also seen when monocytes phagocytosed heat-killed
microorganisms. In parallel to the reduced proliferative re-
sponse, the amount of antigen-induced IFN--y secretion was
considerably reduced in cultures in which the antigen was
presented by M. tuberculosis-containing monocytes. Further-
more, the reduced T-cell proliferative response was not due to
the shift of the response kinetics (Fig. 1). From the above data,
it was concluded that monocytes infected with a large number
of mycobacteria have reduced antigen-presenting capacity.
Monocytes infected with M. tuberculosis are not suppressive

and do not trigger suppressive activity. It could be argued that
the reduced T-cell response to antigen-pulsed monocytes
infected with M. tuberculosis was due to the induction of
suppressor mechanisms. Such mechanisms were detected ex
vivo during mycobacterial infections, and ingestion of myco-
bacteria has been demonstrated to trigger the production of
prostaglandin E2, which is known to possess suppressive and
immunoregulatory properties (28). To exclude such a possibil-
ity, control monocytes or monocytes infected with viable
mycobacteria were added to T cells activated by antigen-pulsed
control monocytes. As shown in Fig. 1, the addition of mono-
cytes containing mycobacteria had no influence on the re-
sponse triggered by antigen-pulsed control monocytes. Simi-
larly, no suppressive circuits were triggered by antigen-pulsed
mycobacterium-containing cells (Fig. 2). We therefore con-
clude that monocytes infected with mycobacteria are not
directly suppressive and do not trigger suppressive activity of
other cells (such as T lymphocytes) in culture.

Impaired antigen presentation by M. tuberculosis-infected
monocytes. The ineffective triggering of T-cell responses by
antigen-pulsed, mycobacterium-infected monocytes could be
due to a disturbance of antigen processing (including associa-
tion with MHC class II molecules) or to changes in accessory
functions provided to T lymphocytes by monocytes during
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[3H] thymidine incorporation

control Mo M.t. 50:1 opsonized M.t. 50:1

FIG. 2. T-lymphocyte (105 per well) proliferation (mean counts per

minute [cpm] of culture triplicates) in the presence of 104 (10%)
TT-pulsed control monocytes (solid bar, left panel) or M. tuberculosis
(M.t.)-infected TI-pulsed monocytes (solid bars, middle and right
panels) and in the presence of an additional 104 (10% + 10%)
TT-pulsed control monocytes (cross-hatched bars). Open bars repre-

sent the expected values for the cross-hatched bars. These values were
calculated as the sum of cpm induced by 10% pretreated TT-pulsed
monocytes plus cpm induced by 10% TT-pulsed control monocytes.
Data shown are from one representative experiment of four per-

formed.

culture or could result from the impairment of both functions
mentioned above. To differentiate between these possibilities,
control and infected monocytes were pulsed with antigen,
washed, fixed with paraformaldehyde, and then added to T
cells supplemented with intact monocytes serving the function
of accessory cells. As shown in Fig. 3, antigen-pulsed control
monocytes or monocytes which phagocytosed latex beads had
lost their antigen-presenting capacity after treatment with
paraformaldehyde but could trigger a significant response
when added to T cells supplemented with intact monocytes.
IT-pulsed monocytes which took up extracellular bacteria (E.

coli) did not induce significant T-cell proliferation but, after
paraformaldehyde fixation, could do so in the presence of
control monocytes. In contrast, cells infected with a large
number of mycobacteria were ineffective as antigen-presenting
cells even in the presence of accessory monocytes. Similarly,
the inability of mycobacterium-containing and TI-pulsed
monocytes to trigger T-cell proliferation and IFN-y secretion
was not corrected by the addition to the culture of intact
monocytes which could function as accessory cells in the
presence of pokeweed mitogen (PWM) (Table 2). The data in
Table 2 also indicate that no substantial leakage of antigen,
which could be picked up and presented by intact monocytes,
from either control or mycobacterium-containing cells oc-

curred. From these data we conclude that infection of mono-
cytes with M. tuberculosis interferes with antigen processing
and/or its association with MHC class II molecules.
Reduced expression of HLA-DR on monocytes infected with

M. tuberculosis. Recently we observed that phagocytosis of
extracellular bacteria does not change the HLA-DR expression
on monocytes (2) and that such cells, when fixed with
paraformaldehyde, can present antigen in the presence of
accessory cells (27). Since the expression of HLA-DR is of
primary importance for antigen presentation, we asked

Control Mo Mt none Control Mo latex Mt Ecoli
Experment Expenment II

FIG. 3. T-cell proliferation. Control monocytes or cells which
engulfed M. tuberculosis (Mt.), E. coli, or latex particles were pulsed
with TT and added (10%) to cultured T lymphocytes before ( M ) or
after (E], MM) paraformaldehyde fixation. To some cultures, 5%
intact monocytes (adherent cells) were added (E). The figure shows
[3H]thymidine incorporation (mean of culture triplicates) of two
independent experiments.

whether the expression of HLA-DR would change after phago-
cytosis of M. tuberculosis cells. When monocytes were incu-
bated with a large number of M. tuberculosis cells, the expres-
sion of HLA-DR was substantially reduced (Table 3). The
reduction was seen after phagocytosis of both viable and
autoclaved microorganisms; it could be observed shortly after
phagocytosis and was still present after 16 h of incubation. In
contrast, phagocytosis of S. enteritidis had no effect on
HLA-DR expression.

Accessory function of mycobacterium-infected monocytes is
diminished. The data presented above did not exclude the
possibility that the accessory function of monocytes could also
be reduced after phagocytosis of M. tuberculosis. In keeping
with this notion, we have recently shown that after ingestion of
extracellular bacteria, monocytes have a reduced ability to

TABLE 2. Inability of control monocytes to restore the reduced
antigen-presenting capacity of M. tuberculosis-infected monocytes

TT-pulsed Intact Mean T-cell proliferation Mean IFN--y release
monocytes monocytes (103 cpm) ± SD (ng/ml) ± SDmonocytes added

Control - 4.52 ± 0.06 7.430 ± 0.010
+ 4.45 ± 0.04 7.900 ± 0.028

Infecteda - 2.20 ± 0.02 2.326 ± 0.002
+ 2.08 ± 0.01 2.681 ± 0.004

None _b 0.12 ± 0.01 <0.039
+b 12.34 0.23 10.945 ± 0.056

aInfected with M. tuberculosis (50:1).
b PWM was added to these cultures. The results of the last row of the table

demonstrate the functional capacity for accessory functions of the intact mono-

cytes added.

[cpm]

20,000

10,000

0
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TABLE 3. Reduction of HLA-DR expression on monocytes after
phagocytosis of M. tuberculosis H37Rv'

Expression of HLA-DR after
phagocytosis of bacteria

After 3 h After 16 h
Treatment

Mean Mean
% channel of % channel of

Positive fluorescence Positive fluorescence
intensity intensity

None 94.3 83 96.3 158

M tuberculosis
5:1 93.4 86 89.4 166

25:1 63.4 55 73.6 103
50:1 43.5 34 55.8 59

Autoclaved M tuberculosis
5:1 93.6 83 87.8 164

25:1 72.1 44 65.7 83
50:1 57.3 48 44.8 58

S. enteritidis, 100:1 91.2 85 88.3 112

a Representative results of three independent experiments; mean channel
numbers are given in linear scale.

function as accessory cells in cultures of T lymphocytes acti-
vated with PWM (27). As shown in Fig. 4, monocytes infected
with large numbers of M. tuberculosis are less efficient as
accessory cells in PWM-activated cultures than are control
monocytes.

DISCUSSION
Our data indicate that phagocytosis of M. tuberculosis results

in an impaired ability of monocytes to process and/or present
soluble antigen and to provide costimulatory signals to T
lymphocytes. Monocytes which were allowed to phagocytose
mycobacteria and were later pulsed with TT could not trigger
antigen-specific T-cell proliferation or IFN--y secretion, and
this observation was not caused by a shift in the response
kinetics. The phenomenon was reproducibly observed only
when monocytes were incubated with a large number of
mycobacteria before the pulse with antigen. Preincubation of
monocytes with a small number of bacteria had no effect on
their antigen-presenting and accessory functions, or the ob-
served reduction was much lower than that observed with the
large number of bacteria. Because monocyte populations
incubated with large and small numbers of FITC-labeled
microorganisms differed much more in intensity of fluores-
cence than in the percentage of cells containing mycobacteria,
we think that the bacterial load is important for the observed
functional changes. The impairment of the monocyte function
was unlikely to be caused by a cytotoxic effect exerted by the
microorganisms, because more than 70% of the cells were
viable under these conditions. To clarify the mechanism re-

sponsible for the above observation, we considered three
possibilities, namely, direct or indirect suppression of the
T-cell response, inefficient accessory (costimulatory) function,
and impairment of antigen presentation.
Our data exclude a direct suppressive effect of prostaglan-

dins on T-lymphocyte proliferation or induction of suppressive
circuits (e.g., release of prostaglandins). As shown above, the
response induced by antigen-pulsed control monocytes was not
affected by the addition to cultures of monocytes containing
mycobacteria. Furthermore, when TT-pulsed monocytes with

control Mo Mt. 10:1 M.t 50:1 none control Mo Mt. 10:1 Mt. 50:1

lymphocyte proliferation lnterferon-y release

FIG. 4. PWM-induced proliferation and IFN--y release by T lym-
phocytes in the presence of control monocytes and monocytes which
were preincubated with large or small numbers of M. tuberculosis
(M.t.). The figure shows data from one representative experiment of
five in which thymidine incorporation was measured and one of two in
which IFN--y secretion was measured. Symbols: M, +PWM; EZI,
-PWM.

and without mycobacteria were added to T lymphocytes, the
response was close to that expected from an additive effect. In
contrast, we cannot exclude the possibility that the release of
prostaglandins or other soluble factors induced by phagocyto-
sis of mycobacteria (e.g., interleukin-10) interferes with the
ability of monocytes to process antigen and express immuno-
genic peptides in the context of MHC class II antigen or that
it influences their accessory function. In fact, our data suggest
that, as a consequence of phagocytosis of mycobacteria, these
functions of monocytes are impaired. Control, antigen-pulsed,
and paraformaldehyde-fixed monocytes could induce T-cell
proliferation in the presence of accessory cells. In contrast,
similarly treated antigen-pulsed monocytes containing phago-
cytosed mycobacteria were ineffective, which indicates that
such cells did not have the antigen-MHC class II complex
available for the interaction with the T-cell receptor. In
addition, the antigen-presenting capacity of unfixed, mycobac-
terium-containing monocytes was not restored in the presence
of untreated monocytes. Such findings suggest that antigen
processing, association with MHC class II molecules, and/or
transport to the cell surface is impaired. It is conceivable that
the impairment of antigen presentation, which we observed
after phagocytosis of M. tuberculosis, was due to changes in the
intracellular traffic of TT-derived peptides and ofMHC class II
molecules, because it is known that mycobacteria effectively
inhibit phagosome-lysosome fusion in the phagocytic cells and
may modulate the pH of macrophage lysosomes (1, 4, 19, 29).
These alterations within the phagocytic cell may also be
relevant for the reduced expression of MHC class II antigens
on macrophages, which was reported to occur after ingestion
of M. leprae, M. kansasii, and M. microti (5, 15, 24). In keeping
with this notion, we observed a reduction of HLA-DR expres-
sion on monocytes after phagocytosis ofM. tuberculosis but not
after phagocytosis of S. enteritidis. Similarly, phagocytosis of
other extracellular bacteria does not influence HLA-DR ex-
pression (2) and does not affect the ability of monocytes to
present antigen when intact monocytes are present in culture
(27) (Fig. 3). The reduction of HLA-DR expression on mono-
cytes was seen only when cells were incubated with large
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numbers of bacteria, and this parallels the reduction of their
antigen-presenting capacity. The reduction in expression of
MHC class II antigens after phagocytosis of large but not small
numbers of mycobacteria was also reported by others in studies
with mice (24). Interactions between antigen-presenting cells
and T lymphocytes, which lead to a proliferative response,
require costimulatory signals, which can also be provided by
bystander accessory cells (for a review, see reference 10). The
costimulatory signals include direct cell-cell interactions and
cytokines. It is known that mycobacteria and their products can
induce cytokine secretion (22, 32), and we observed substantial
production of interleukin-1, tumor necrosis factor alpha, and
interleukin-6 by monocytes after phagocytosis of M. tuberculo-
sis (lla). In contrast, cell surface expression of adhesion
molecules and CD14 antigen is down-regulated in monocytes
after phagocytosis of extracellular bacteria and mycobacteria
(2, lla, 31). Furthermore, induction of the surface expression
of the costimulatory B7/BB1 molecule is markedly reduced on
M. tuberculosis-infected monocytes (11). In line with these
observations, the accessory function of monocytes in lectin-
activated cultures was reduced after phagocytosis of M. tuber-
culosis. However, the diminished accessory function of mono-
cytes after phagocytosis ofM tuberculosis was not responsible
for the inefficient triggering of T-cell proliferation and IFN-'y
secretion, since the addition of intact monocytes to such
cultures had no effect on the response.

In conclusion, our data indicate that after phagocytosis ofM
tuberculosis, the antigen-presenting capacity and accessory
function of monocytes are altered. This finding is in contrast to
recently published data of Pancholi et al., who showed that
monocytes/macrophages which harbor M bovis BCG may
sequester mycobacterial antigens from recognition by T cells
but that their ability to present other antigens may not be
affected (26). In our opinion, the reason for this apparent
discrepancy lies primarily in the dose of mycobacteria used for
monocyte infection. The dose used by Pancholi et al. was an
order of magnitude lower than that used in our studies and had
no effect on the HLA-DR expression on monocytes. In addi-
tion, as shown by McDonough et al., this strain does not
influence phagosome-lysosome fusion, in contrast to M. tuber-
culosis H37Rv (19). These authors have found, however, that
the impairment of phagosome-lysosome fusion occurs 3 days
after infection of monocytes with the small number (bacteri-
um/phagocytic cell ratio, 10:1) of M. tuberculosis H37Rv cells.
From these data it seems conceivable that the impairment of
lysosome-phagosome fusion depends on the bacterial load
within the phagocytic cell and the strain of mycobacteria used.
This would correspond to our data, which show that cells
infected with large but not small numbers of mycobacteria are
inefficient as antigen-presenting cells. In contrast to the exper-
imental conditions used by Pancholi et al. (26), which more
closely resemble a primary infection in vivo, the conditions
which we chose may be more relevant to the situation of a
localized infection and to the anergic status seen in dissemi-
nated mycobacterial infections.
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